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CHAPTER 1. GENERAL INTRODUCTION 
 
Dissertation Organization 
 
This dissertation is comprised of six chapters. Chapter one is a literature review, and 
introduces background knowledge related to the dissertation. Chapter two is a published 
review paper of variegation mutants. The objective of this thesis is to study the mechanism of 
variegation of the Arabidopsis immutans mutant. Screening and characterizing second site 
suppressors of immutans provide insight into this mechanism. Two different mutagenesis 
procedures, ethyl methane sulphonate (EMS) treatment and activation-tagging, were used to 
generate suppressors. Three suppressors were selected for further research; characterization 
of these suppressors is described in three chapters of the dissertation. Chapter three is about 
CS3630, a less-variegated im. Chapter four is about the cloning of ems 41, which was 
generated by EMS. Chapter five is about the isolation and characterization of ATG791, a 
second site suppressor created by activation tagging. Chapter six is a brief summary of the 
dissertation. 
 
Literature Review 
 
Phenotype of the immutans (im) mutant 
First isolated and studied over forty years ago, immutans (im) is a nuclear recessive 
mutant of Arabidopsis thaliana whose normally-green organs have a green- and white-
variegated phenotype. This phenotype first appears early in cotyledon development (Wetzel 
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et al., 1994). Leaf sector formation in im is sensitive to light and temperature, with high light 
and temperature serving to promote the formation of white sectors. However, once sectors 
are generated, they cannot change into the other type, regardless of illumination or 
temperature conditions (Redei, 1963, 1967). Chloroplasts in the green sectors of im are 
morphologically normal, whereas the white sectors contain two kinds of plastids (they are 
heteroplastidic): most plastids in the white cells are vacuolated, lacking pigments and 
functional lamellar structures, but the white cells also contain a few normal-appearing 
chloroplasts (Wetzel et al., 1994). Light microscopy shows that most organs and tissues are 
morphologically normal in im. However, the green sectors of im leaves are thicker than 
normal, due to larger and more air spaces and to bigger epidermal and mesophyll cells, while 
the white sectors have a normal thickness but shrunken palisade cells (Aluru et al., 2001).   
  
Role of IM in carotenoid biosynthesis 
The white sectors of im resemble the phenotype of mutants with lesions in steps of 
the carotenoid biosynthetic pathway. Early biochemical evidence that im is blocked in 
carotenogenesis was provided by HPLC analysis of leaves from wild type versus im green 
and white leaf sectors. These studies revealed that the green sectors have a normal pigment 
composition, and that the white sectors lack colored carotenoids and chlorophylls, but 
accumulate the carotenoid intermediate phytoene (Wetzel et al., 1994). This is similar to the 
situation of plants treated with norflurazon, an herbicide that blocks carotenoid biosynthesis 
by inhibiting the activity of phytoene desaturase (PDS), an early enzyme of the pathway (see 
below). The accumulation of phytoene was thus an early indication that the carotenoid 
biosynthetic pathway is blocked at the PDS step in im white tissues. One early hypothesis to 
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explain the mechanism of im action was that IM is the PDS structural gene. However, this 
was ruled out by genetic mapping experiments which showed that PDS does not map to the 
IM locus (Wetzel et al., 1994). Furthermore, RNA gel blot and Western immunoblot analyses 
showed that PDS is expressed normally in both the white and green sectors of im (Wetzel et 
al., 1994).  This indicates that im does not affect PDS expression.  
 
Carotenoid biosynthesis and function 
Carotenoids are essential pigments in photosynthesis, and they are tetraterpenes (C40) 
with polyene chains, containing 15 conjugated double bonds. Carotenoid biosynthesis has 
been comprehensively reviewed (Armstrong and Hearst, 1996; Cunningham and Gantt, 1998; 
Hirschberg, 2001; Sandmann et al., 2006); a summary of the process is presented below. 
In higher plants, carotenoids are synthesized by nuclear-encoded enzymes, all of 
which are located either in the stroma or in the thylakoid membranes of the plastid. These 
enzymes are translated as precursors on cytoplasmic 80S ribosomes and transported into the 
plastid via a post-translational import process that involves removal of the N-terminal 
chloroplast targeting sequence to form the mature protein. The carotenoid biosynthesis 
pathway is depicted in Figure 1. It begins with isopentenyl diphosphate (IPP), which is 
converted to dimethylallyl diphosphate (DMADP) by IPP isomerase. DMADP, together with 
three IPP molecules, is converted by geranylgeranyl diphosphate (GGPP) synthase (GGPS) 
to form the C20 GGPP. Production of phytoene is the rate-limiting step in carotenoid 
biosynthesis (Fraser et al., 1994). In this step, two GGPP molecules are converted to the C40 
phytoene by phytoene synthase (PSY). Phytoene is dehydrogenated to lycopene via ζ-
carotene by two enzymes that each needs an FAD cofactor: phytoene desaturase (PDS) and ζ 
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carotene desaturase (ZDS). These two enzymes have significant similarity in amino acid 
sequence, and are proposed to be coupled to an electron transfer chain by donating electrons 
to plastoquinone (Norris et al., 1995).  
The carotenoid biosynthesis pathway branches after lycopene. In one branch, lutein is 
synthesized by hydroxylation of α-carotene, which is generated from lycopene by lycopene 
β-cyclase (LCYB) and lycopene ε-cyclase (LCYE). The other branch directs the formation of 
β-carotene and xanthophylls. Different from α-carotene, β-carotene is synthesized from 
lycopene by LCYB only. Lycopene cyclases function as dimers, and α-carotene is possibly 
synthesized by LCYB/LCYE heterodimers; LYCB and LYCE have a high similarity in 
amino acid sequence (Hirschberg, 2001). The conversion of β-carotene to zeaxanthin is 
catalyzed by β-carotene hydroxylase (CRTR-B), which requires ferredoxin and iron as 
cofactors (Bouvier et al., 1998). Zeaxanthin is transformed to violaxanthin via antheraxanthin 
by two steps of epoxidation, and the process can be reversed by de-epoxidation. The 
conversion between zeaxanthin and violaxanthin is called the xanthophyll cycle; it plays an 
important role in photoprotection. This topic will be addressed later in greater detail. 
Zeaxanthin epoxidase (ZEP) requires ferredoxin:NADP oxidoreductase and NADPH for 
activity (Bouvier et al., 1996). Violaxanthin deepoxidase (VDE) is associated with the 
lumenal face of thylakoid membranes at low pH and is soluble in the lumen at neutral pH 
(Yamamoto and Bassi, 1996). The activities of enzymes involved in the formation of 
carotenoids, such as PDS, ZDS, CRTR-B and ZEP, show a close relationship with the 
activity of the photosynthetic pathway.  The relationship is even closer if the light-harvesting 
and photoprotection function of carotenoids is considered. 
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Carotenoids protect the photosynthetic apparatus from photooxidation. They fulfill 
this duty in two major ways: by scavenging reactive oxygen species and by pH-dependent 
thermal dissipation. β-carotene and xanthophylls are the two most important classes of 
carotenoids with photoprotective functions. β-carotene functions in the PSII reaction center 
as an antioxidant to quench 1O2 generated by interaction between 3P680 and O2 (Telfer et al., 
1994). Bound to light harvesting complex proteins, xanthophylls not only help to transfer 
light energy to chlorophylls, but they also act as antioxidants to quench 1O2 and 3Chl 
(Kuhlbrandt et al., 1994). For example, zeaxanthin scavenges 1O2 and terminates the lipid 
peroxidation chain reaction (Muller et al., 2001). Xanthophyll pigments also play a 
distinctive role in pH-dependent thermal dissipation during non-photochemical quenching 
(NPQ). Based on Niyogi’s model, pH-dependent thermal dissipation occurs in the PSII 
antenna pigment bed (Demmig-Adams et al., 1996; Li et al., 2009). Intense light increases 
the thylakoid ∆pH, which in turn causes the protonation of PsbS, a subunit of the light-
harvesting complex (LHC) of PSII. The thylakoid ∆pH also stimulates the activity of 
violaxanthin de-epoxidase, which catalyzes the conversion of violaxanthin to zeaxanthin via 
antheraxanthin (Hirschberg, 2001). At a low ∆pH, violaxanthin binds to PsbS, but at a higher 
∆pH, violaxanthin-PsbS binding is replaced by zeaxanthin-protonated PsbS binding. The 
new binding causes a conformational change, which is necessary for thermal dissipation 
(Frank et al., 1994).  
 
Phytoene desaturase 
 Phytoene desaturase (PDS) catalyzes the conversion of phytoene to ζ carotene via 
phytofluene in the carotenoid biosynthetic pathway (Bartley et al., 1991). The PDS gene was 
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cloned from Arabidopsis in 1993, and it encodes a polypeptide with 566 amino acids 
(Scolnik and Bartley, 1993). PDS is a membrane-associated protein (Bramley, 1985; 
Grunewald et al., 2000). A cofactor of PDS, FAD, is bound to PDS before or at the time of 
membrane integration (Schledz et al., 1996). In addition to FAD, plastoquinone is required as 
an electron acceptor of the PDS reaction (Norris et al., 1995). In higher plants, 
plastoquinones directly accept electrons from PDS. This has been demonstrated by enzyme 
kinetic studies using norflurazon as an inhibitor of PDS activity to compete with 
plastoquinone as the substrate (Breitenbach et al., 2001). As described below, PDS forms a 
component of an electron transport chain that involves plastoquinone, IM and molecular 
oxygen. It has also been found that PDS is linked to a respiratory redox chain that contains a 
23-kD protein from the chloroplast oxygen-evolving complex (Nievelstein et al., 1995).  
 
IM and its homologs 
The IMMUTANS gene was cloned from Arabidopsis thaliana by transposon-tagging 
and map-based methods (Carol et al., 1999; Wu et al., 1999). It encodes a protein of 350 
amino acids, with an N-terminal transit peptide that targets it to chloroplasts; this localization 
was confirmed by in vitro import experiments (Carol et al., 1999). Phylogenetic analyses 
showed that IM is a homolog of the mitochondrial inner membrane alternative oxidase 
(AOX), which is involved in the cyanide-resistant respiratory pathway (Figure 2) (discussed 
below in greater detail). Possessing four conserved alpha helical domains that contain an 
iron-binding catalytic site, IM and AOX are members of the non-heme diiron carboxylate 
(DOX) protein family (Andersson and Nordlund, 1999; Berthold et al., 2000; Berthold and 
Stenmark, 2003).  
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It is thought that IM and AOX diverged from one another before the endosymbiotic 
events that gave rise to the modern eukaryotic plant cell. Despite this evolutionary distance, 
22 amino acids are perfectly-conserved in all IM and AOX proteins examined to date. This 
suggests that these amino acids are important for activity. To explore this possibility, site-
directed mutagenesis of the IM protein has been carried out in vitro and in planta (Fu et al., 
2005, 2009). These studies revealed that the six amino acid ligands that comprise the diiron 
center are required for IM function and that they do not tolerate change, even conservative 
substitutions: E136, E175, H178, E227, E296, and H299 (Fu et al., 2005). Of the other 14 
amino acids, nine appear to be dispensable for activity, while only Y234 and D295 are 
essential.  The other three, L135, H151, and Y212, are important but not essential for IM 
activity (Fu et al., 2009). The two essential amino acids might define amino acids that are 
involved in substrate binding.  
The ghost (gh) variegation mutant of tomato has a similar phenotype to im.  Like im, 
gh is nuclear recessive and the degree of sector formation in the mutant is conditioned by 
light intensity (Rodermel, 2002). Also like im, the white sectors of gh accumulate phytoene.  
The GHOST (GH) gene of tomato has been cloned (Josse et al., 2000; Barr et al., 2004), and 
the sequence and structure of the gene was found to be similar to IM, with 9 exons and 8 
introns whose positions are conserved between the two genes. GH cDNAs also have 67% 
amino acid identity to IM. These similarities suggest that GH is the tomato ortholog of IM.  
 
Topology of IM in the thylakoid membrane 
 As discussed above, IM is a chloroplast protein, as revealed by the presence of an N-
terminal targeting sequence and by chloroplast import assays (Carol et al., 1999; Wu et al., 
 8
1999). In the latter experiments, isolated chloroplasts were incubated with radiolabeled IM 
precursor proteins produced by in vitro transcription /translation of full-length IM cDNAs, 
and following incubation, the chloroplasts were fractionated into soluble (stromal) and 
membrane fractions. Labeled IM was found in the thylakoid membrane fraction, indicating 
that it is a membrane-associated protein (Carol et al., 1999). This result has been confirmed 
by others (Joet et al., 2002; Lennon et al., 2003).  Treatment of isolated thylakoids with 
detergents, salt and base have shown that IM is an intrinsic membrane protein, and protease 
treatment has revealed that it faces the stromal side of the membrane (Lennon et al., 2003). 
Arabidopsis IM was also detected in the stromal (versus granal) lamellae of transgenic 
tomato plants (Joet et al., 2002). Taken together, the data indicate that IM is localized in the 
stroma lamellae of the chloroplast, and that it faces the stroma. This topology is in agreement 
with structural models of IM that have been proposed, and which show that IM is an 
interfacial membrane protein (Andersson and Nordlund, 1999; Berthold et al., 2000; Berthold 
and Stenmark, 2003). 
 
Alternative oxidase in mitochondria 
The first alternative oxidase gene (AOX) was cloned from lily in 1991 (Rhoads and 
McIntosh, 1991). Located on the inner membrane of mitochondria, alternative oxidase (AOX) 
is a key component of the alternative respiratory pathway, which diverges from the 
cytochrome pathway at the ubiquinone pool and transfers electrons directly to oxygen. It is 
resistant to cyanide, but sensitive to salicylhydroxamic acid (SHAM) and n-propyl gallate. 
Because AOX activity does not result in the transfer of protons across the mitochondrial 
membrane, it does not contribute to ATP formation (Moore and Siedow, 1991). IM (also 
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called PTOX, for plastid terminal oxidase) is similar to AOX in that it is inhibited by n-
propyl gallate (Cournac et al., 2000; Josse et al., 2000; Fu et al., 2005), but is resistant to 
cyanide (Josse et al., 2000; Fu et al., 2005). These inhibitor characteristics allowed the 
development of an in vitro activity assay for IM (PTOX) (Josse et al., 2000). This assay was 
used in the site-directed mutagenesis studies of IM discussed above (Fu et al., 2005; 2009).. 
Because AOX is a membrane protein, crystals are difficult to generate, and thus the 
structure of AOX is not known at the atomic level. However, a large number of AOX genes 
have been cloned and, as mentioned above, they contain conserved iron-binding domains and 
other conserved amino acids, some of whose functionality has been tested by in vitro 
mutagenesis (Siedow et al., 1995; Ajayi et al., 2002; Albury et al., 2002; Berthold et al., 2002; 
Nakamura et al., 2005). Some of the analogous sites in IM have been tested in the studies of 
Fu et al. (2005, 2009).  As discussed earlier, in the absence of structural data, IM and AOX 
have been modeled as interfacial membrane proteins (Andersson and Nordlund, 1999; 
Berthold et al., 2000; Berthold and Stenmark, 2003). 
 
Alternative oxidase function 
The partitioning of electrons to alternative oxidase is controlled in a sophisticated 
manner by changing the amount and/or activity of the enzyme. AOX gene expression is 
regulated by a variety of factors. Chemical inhibition is one of them. An inhibitor of the 
cytochrome pathway, antimycin A, increases both the mRNA and protein levels of AOX by 
retrograde signaling from the mitochondrion to the nucleus (Vanlerberghe and McIntosh, 
1994).  In this signal transduction process, mitochondria are thought to release signals in 
response to altered mitochondrial metabolic states that are transmitted to the nucleus. 
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Signaling results in an alteration of the expression of nuclear genes for mitochondrial 
proteins at the transcriptional level. Other retrograde signals are thought to include reactive 
oxygen species, such as superoxide, H2O2, and the hydroxyl radical. 
Biochemical studies indicate that AOX dwells in the inner mitochondrial membrane 
as a dimer linked by disulfide bonds, and that reduction of these bonds activates the AOX 
enzyme (Vanlerberghe et al., 1995). Hence, AOX activity is controlled by factors that 
modulate the reduction of disulfide bonds. The activity of AOX is also regulated by the redox 
state of the ubiquinone and pyridine nucleotide pools and by the concentration of pyruvate: 
high pyruvate levels, a reduced mitochondrial pyridine nucleotide pool and a reduced 
ubiquinone pool favor alternative oxidase activity (Vanlerberghe and McIntosh, 1997). AOX 
activity is also regulated by metabolites in the TCA cycle, such as citrate. Citrate 
accumulation is a signal of slowed carbon supply to the TCA cycle (Vanlerberghe and 
McLntosh, 1996). 
The alternative respiratory pathway plays an important role in balancing carbon 
metabolism and electron transport (Vanlerberghe and McIntosh, 1997). AOX is also 
proposed to protect the respiratory apparatus from oxidative stress. This has been 
demonstrated in a number of experiments going back over 15 years. For example, it was 
early shown that H2O2 treatment accelerates the activity of the alternative respiratory 
pathway (Vanlerberghe and McLntosh, 1996). Second, studies have revealed that inhibition 
of the cytochrome pathway increases reactive oxygen species production in mitochondria, as 
well as AOX expression (Minagawa et al., 1992). Third, paraquat, an ROS generator, induces 
AOX expression in Aspergillus fumigatus (Magnani et al., 2007). It has been suggested that 
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alternative oxidase may prevent reactive oxygen species formation by removing electrons 
from an over-reduced ubiquinone pool and transferring them to molecular oxygen. 
 
Reactive oxygen species, photooxidation and photoprotection 
Reactive oxygen species (ROS) are partially reduced forms of ground state oxygen 
(O2), and include singlet oxygen (1O2), superoxide radical (O2-), hydrogen peroxide (H2O2), 
hydroxyl radical (HO.), and perhydroxyal radical (O2H.) (Mittler, 2002). ROS can be 
generated in response to environmental factors, such as wounding, herbicides, pathogen 
attack, ozone, drought, heat, cold, heavy metals, and high light. Under the pressure of 
stresses, ROS can be formed during certain redox reactions and during electron transport in 
mitochondria and chloroplasts. Deleterious to lipids, nucleic acids, and proteins, ROS are 
able to damage and kill plant cells. However, ROS also work as signaling molecules in 
pathogen defense responses (Dat et al., 2000).   
Light is essential for photosynthesis, however, light is also harmful when the light 
energy absorbed is beyond the ability of the photosynthetic electron transfer chain to 
dissipate it. Excessive light generates ROS and other highly reactive intermediates, which 
cause oxidative damage to the photosynthetic apparatus. Oxidizing molecules are produced at 
three major sites in the photosynthetic electron transfer chain (reviewed in Niyogi, 1999): the 
light harvesting complex (LHC) of PSII; the PSII reaction center; and the acceptor side of 
PSI. In the LHC of PSII, a singlet excited state chlorophyll (1Chl) is produced, which leads to 
the formation of triplet chlorophyll (3Chl); 3Chl can interact with O2 to generate 1O2. In the 
PSII reaction center, the P680+/Pheo- radical pair can generate triplet P680 (3P680), which 
interacts with O2 to produce 1O2. In PSI, P700+ is able to reduce O2 to O2-, which can be 
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converted to H2O2, then to OH.. The generation of ROS is inevitable at all light intensities, 
and intense light accelerates their formation.  
To avoid photooxidative damage, the chloroplast mounts a series of photoprotective 
mechanisms (Figure 3). First, physical, chemical, and photochemical methods are applied to 
reduce the generation of oxidizing molecules. Second, antioxidants are introduced to deal 
with the reactive molecules. Finally, repair systems are utilized to treat the inevitable damage. 
For physical methods, plants shift leaf position, reorient chloroplasts and chlorophyll to avoid 
encountering extra light (Niyogi et al., 1998). Adjusting antenna size is another way to 
reduce light absorption. When PSII is overexcited relative to PSI, the LHC kinase system 
will detach the LHC PSII antenna to avoid capturing more energy (Allen, 1995). Excess light 
energy also can be scattered by thermal dissipation, and (as described above) xanthophylls 
play a key role in pH-dependent thermal dissipation (Niyogi, 1999). 
Other electron transfer processes, such as photorespiration, the water-water cycle, and 
cyclic electron transfer, exist in thylakoid membranes to dissipate excess light energy 
(Niyogi, 1999). When CO2 is limiting, photorespiration is stimulated to maintain 
photochemical electron transfer and light energy utilization. It protects the photosynthetic 
apparatus by providing CO2 to inhibit the oxygenase activity of Rubisco (Niyogi, 1999). The 
water-water cycle, also called pseudocyclic electron transport, is an alternative electron 
transport pathway that involves both PSI and PSII (Asada, 1999). In this pathway, water is 
split in the beginning of linear electron transport at PSII, and electrons are transferred to the 
acceptor side of PSI, where O2 is reduced to form O2-. This radical is then quenched by a 
thylakoid membrane-located superoxide dismutase (SOD) to H2O2, which in turn is 
scavenged by ascorbate peroxidase (APX) to generate water (Asada, 1999). The water-water 
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cycle not only provides an additional pathway to dissipate energy, but it also helps maintain 
the ∆pH for PSII photoprotection by thermal dissipation (Schreiber and Neubauer, 1990). 
Cyclic electron transport is another photoprotective mechanism. Two cyclic electron flow 
pathways take place around PSI: one includes ferredoxin-plastoquinone oxidoreductase 
(FQR); the other contains NAD(P)H dehydrogenase (NDH). These two pathways not only 
dissipate energy absorbed by PSI, but they also generate and preserve ∆pH for thermal 
dissipation (Heber and Walker, 1992).  
Although photochemical mechanisms try their best, reactive molecules are inevitably 
generated during photosynthetic electron transport. Antioxidant molecules and scavenging 
enzymes function to quench them. These include, most prominently, carotenoids, tocopherols, 
ascorbate, and glutathione. Since the scavenging function of carotenoids has already been 
discussed, other major antioxidants will be addressed next. α-tocopherol (vitamin E) is 
soluble in the lipid phase of chloroplast membranes, and it quenches 1O2, O2- and OH. to 
prevent lipid peroxidation (Fryer, 1992). Ascorbate (vitamin C) is a water soluble antioxidant 
that scavenges 1O2, O2- and OH. (Smirnoff, 1996). Glutathione is another water soluble 
antioxidant that detoxifies OH. and 1O2. It also protects the thiol groups of stromal enzymes 
and is involved in the regeneration of ascorbate by the glutathione-ascorbate cycle (Foyer et 
al., 1994). SOD and APX are perhaps the two major chloroplast ROS scavenging enzymes. 
They detoxify O2- and H2O2; their function in the water-water cycle was discussed above.  
In spite of all these defense mechanisms, damage to the photosynthetic apparatus is 
unavoidable. Protein turnover and synthesis are thus crucial for maintaining a functional 
photochemical electron transport chain. The PSII repair cycle is a good example. The PSII 
reaction center is essential but susceptible to photooxidative damage. Once the photodamage 
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to the D1 protein in the reaction center of PSII occurs, the oxidized protein is degraded and 
replaced quickly by a new copy. (Lindahl et al., 2000; Nixon et al., 2005) 
 
Global role of IM in plastid metabolism 
The role of IM in carotenoid biosynthesis has been discussed above. More recent 
studies have suggested that IM is not only involved in pigment formation, but that it also 
plays a more global role in plastid metabolism, such as in chlororespiration and in stress 
responses. 
 
IM is expressed ubiquitously  
 As discussed above, molecular and biochemical studies have  demonstrated that IM is 
involved in carotenoid biosynthesis in chloroplasts (reviewed in Yu et al., 2007). However, 
IM expression is not limited to green tissues. IM promoter: GUS reporter gene fusion 
experiments have revealed that IM is expressed ubiquitously in Arabidopsis tissues and 
organs during development, including non-green parts of the plant such as roots (Aluru et al., 
2001). Interestingly, RNA gel blot (Northern) analyses have shown that IM transcript levels 
do not always correspond to the levels of carotenoid accumulation, with some tissues having 
high IM mRNA abundance but low carotenoid levels (Aluru et al., 2001). This suggests that 
IM activity is involved in more than the desaturase reactions of carotenogenesis. Consistent 
with this idea are studies from tomato. GHOST is the tomato ortholog of IM, and whereas 
GH mRNAs and carotenoids accumulate markedly during tomato fruit ripening (Josse et al., 
2000; Barr et al., 2004), GH transcripts can also be detected abundantly in various other 
organs, such as expanding leaves, flowers, stems, and roots (Barr et al., 2004). Electron 
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microscopic observations have further shown that the development of chloroplasts, 
amyloplasts (in roots), etioplasts (in dark-grown seedlings) and chromoplasts (in fruit) is 
impaired in both im and gh, indicating that IM (and GHOST) activity is required for the 
normal functioning of these plastid types (Aluru et al., 2001; Barr et al., 2004). Taken 
together, these observations suggest that IM and its orthologs have an expanded role in 
chloroplast metabolism beyond its involvement in carotenoid biosynthesis.  
  
IM and chlororespiration 
 Recent evidence has demonstrated that IM is the elusive terminal oxidase (plastid 
terminal oxidase, or PTOX) of a chlororespiratory electrogenic chain in thylakoid 
membranes (Joet et al., 2002). In this chain, electrons are transferred from NAD(P)H to the 
PQ pool via an NADH dehydrogenase1 (Ndh1) complex, then to oxygen via PTOX. The 
notion that chloroplasts undergo chlororespiration (oxidation of the PQ pool in the dark, also 
called nonphotochemical PQ reduction) has been a long standing controversy in 
photosynthesis research.  
The components of the chlororespiratory chain have been discovered one by one. One 
of the earliest demonstrations of nonphotochemical PQ reduction came from a study of H2 
metabolism in microalgae, in which it was found that electron transfer is sensitive to 2, 5-
dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), but insensitive to 3-(3, 4-
dichlorophenyl)-1, 1-dimethylurea (DCMU) (Maione and Gibbs, 1986). This suggests the 
presence of an electron transfer chain that involves the PQ pool and an electron donor other 
than PSII. The idea that chloroplasts might undergo nonphotochemical PQ reduction came 
from the discovery that higher plant plastid genomes have genes for chloroplast proteins that 
 16
are homologous to subunits of the well-known Ndh complex of the inner mitochondrial 
membrane, which donates electrons to the quinone pool during respiration (Sugiura, 1992). It 
was later found that these subunits form a complex in thylakoid membranes (Shikanai et al., 
1998). Direct evidence for nonphotochemical oxidation of PQ (chlororespiration) came from 
a study of PSI-deficient mutants of Chlamydomonas, in which electron flow to oxygen from 
PSII via the PQ pool, but not via the cyt b6/f complex, was measured (Cournac et al., 1997). 
This flow could be disrupted in various ndh mutants. The identification of IMMUTANS as 
the terminal oxidase of chlororespiration came from experiments using transgenic tomato, in 
which it was found that expression of Arabidopsis PTOX in tomato accelerated both electron 
flow to oxygen and nonphotochemical PQ reduction (Joet et al., 2002).  
It is thought that the components of chlororespiration are located in stroma lamellae 
(versus grana lamellae) and that they comprises roughly 0.2% of the total amount of 
thylakoid protein (Joet et al., 2002). In addition, electron flow via chlororespiration is only 
approximately 2% of the maximum photosynthetic electron flow (Sazanov et al., 1996; 
Cournac et al., 2002). All of these indicate that during steady state photosynthesis, 
chlororespiration is a quantitatively minor process. However, this pathway might be 
important in other developmental and/or environmental contexts, e.g, in the dark; during 
chloroplast development, when the photosynthetic electron transport chain is not yet 
functional; or in other plastid types that do not undergo photosynthesis. For instance, it is 
possible that the chlororespiratory electron transfer chain re-oxidizes compounds produced 
during carbon metabolism. This re-oxidation could create a transmembrane pH gradient that 
might, for example, assist in the incorporation of proteins into the membranes of etioplasts 
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(the plastid-type found in dark-grown seedlings) and chromoplasts (the plastid- type found in 
fruit) (Wollman et al., 1999).  
A second hypothesis is that chlororespiration helps to regulate the redox state of the 
PQ pool, which controls different regulatory steps within thylakoid membranes. Third, 
chlororespiration has been implicated in cyclic electron transfer around PSI, which supplies 
extra ATP when carbon dioxide is limited. Finally, it is thought that chlororespiration plays a 
role in abiotic stress responses. For example, the activity of chlororespiration is increased in 
response to environmental stresses, such as nitrogen starvation, sulfur starvation, 
hyperosmotic stress and heat stress (reviewed in Peltier and Cournac, 2002). Furthermore, 
with PTOX working to avoid overreduction of the PQ pool, chlororespiration might serve to 
protect the photosynthetic pathway during intense light (Niyogi, 2000). 
 
IM is a stress protein 
As discussed earlier, alternative oxidase (AOX) in mitochondria acts as a “safety 
valve” to prevent ROS formation caused by enhanced electron flux through the respiratory 
electron transport chain; it does this by oxidizing an overreduced quinone pool, transferring 
the electrons to molecular oxygen. As a homolog of AOX in chloroplasts, it was early 
proposed that IM acts in an analogous manner in chloroplasts to decrease ROS formation by 
preventing overreduction of the plastoquinone pool (Wu et al., 1999). Recent evidence 
supports this idea, though IM’s importance as a “safety valve” is species-dependent, and 
within a species seems to be dependent on developmental and physiological context 
(reviewed in Rosso et al., 2006). 
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Evidence that IM acts as a safety valve has come from a variety of experiments. The 
first experiments to show this were conducted using double antisense tobacco plants that lack 
two scavenging enzymes--catalase and ascorbate peroxidase; increased PTOX protein levels 
were found in plants exposed to high light conditions (Rizhsky et al., 2002). The relative 
amount of PTOX protein was subsequently found to be more than 10-fold higher in a tobacco 
∆psbA mutant devoid of photosystem II function (Baena-Gonzalez et al., 2003). High light 
intensity and/or heat also induce PTOX expression in oat plants (Quiles, 2006), and real-time 
reverse transcription PCR (RT-PCR) showed that two PTOX genes in Haematococcus 
pluvialis are induced under high light and also under conditions of excessive sodium acetate 
and iron (Li et al., 2008; Wang et al., 2009). The transcript level of PTOX is also increased 
under osmotic stress in Coffea arabica (Simkin et al., 2008).  
Elevated PTOX expression has also been detected in plants that have adapted to an 
ROS-rich environment. For example, the alpine plant Ranunculus glacialis contains high 
levels of PTOX, although it is already equipped with alternative photosynthetic electron 
dissipation sinks (Streb et al., 2005). As a wild species from south-east Spain and adapted to 
both high light intensity and heat, Brassica fruticulosa, contains a higher amount of PTOX 
protein than an agricultural species, Brassica oleracea (Diaz et al., 2007).  
Taken together, the above experiments suggest that IM is capable of serving as a 
“safety valve” to dissipate excess energy and to prevent photooxidation of the photosynthetic 
apparatus. In support of this finding, PTOX activity was found to be essential in mature 
tomato leaves under high light intensity according to studies in the ghost mutant (Shahbazi et 
al., 2007). In contrast, experiments using im and IM over-expression plants exposed to high 
light and/or cold have shown that IM does not act as a safety valve during steady-state 
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photosynthesis in Arabidopsis (Rosso et al., 2006). However, this finding does not rule out 
the possibility that IM plays an important role as a safety valve during early chloroplast 
biogenesis in Arabidopsis, in accord with the phenotype of the im mutant. This topic will be 
discussed next.  
 
Mechanism of immutans variegation 
 Leaf variegation is not a phenotype unique to immutans. Other mutants in higher 
plants have similar or diverse variegated leaf patterns, which are caused by different 
mechanisms (Tilney-Bassett, 1975; Kirk, 1978; Sakamoto, 2003; Yu et al., 2007). A brief 
summary about variegated plants will be addressed here. More information about variegated 
mutants will be discussed in chapter 2. 
 
Variegated plants  
 Chlorotic leaf sectors of non-inheritable variegations can be generated by a number 
of factors, including shading, nutritional deficiency, herbicide treatment, and pathogen attack. 
Heritable variegations are due to lesions in nuclear, plastid and/or mitochondrial genes that 
result in an inadequate accumulation of photosynthetic pigments, resulting in chlorotic 
sectors that contain cells with plastids lacking normal lamellar structures. A study of 
heritable variegations led to the discovery of a milestone in genetics, non-Mendelian 
inheritance (Kirk, 1967).  
 In one type of heritable variegation, the green and white sectors have different 
genotypes (reviewed in Yu et al., 2008). For example, in chimeric plants, genotypic 
differences in histological regions of the meristem give rise to variegated leaf tissues with 
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different genotypes, wild type and mutant (Tilney-Bassett, 1986). In another example, 
transposon insertion can interrupt a gene that is essential for chloroplast biogenesis, giving 
rise to a clone of cells containing white plastids (white sectors), while transposon excision 
restores gene function, giving rise to a clone of cells containing chloroplasts (green sectors) 
(Federoff, 1989). In gene silencing, a nuclear gene required for normal chloroplast function is 
silenced in some but not all cells of a tissue. A dramatic (and the first) example of this 
phenomenon is variegated flowers in transgenic petunia with an antisense chalcone synthase 
gene (Van der Krol et al., 1988). Mutations in organelle genomes (mitochondrial or 
chloroplast) that are deleterious to plastid function can also generate variegated plants whose 
tissues have different genotypes. In this case, it is thought that a mutation occurs in one of the 
thousands of copies of an organelle DNA per plastid (or mitochondrion), and when the 
mutant and wild type DNAs in this plastid undergo replication, they undergo the poorly 
understood process of “sorting out” to form clones of mutant and wild type DNAs. This 
corresponds in the mature plant to pure white cells and sectors, all of which contain mutant 
organelle DNA, and to pure green cells and sectors, all of which contain wild type organelle 
DNA. For example, plastome mutator is caused by a chloroplast genome mutation (Tilney-
Bassett, 1975), and deletions in essential mitochondrial genes lead to yellow stripes in the 
non-chromosomal stripe (NCS) mutants of maize (Gabay-Laughnan and Newton, 2005).  
 A second type of heritable variegation, mostly produced by nuclear recessive genes, 
has a uniform genotype in both the green and white sectors. One example is the early-studied 
maize striping mutant, iojap, which has a homozygous recessive genotype, but the mutant 
phenotype is expressed only in the white stripes (Walbot and Coe, 1979). iojap codes for a 
chloroplast ribosome factor, whose loss causes a loss of plastid 70S ribosomes (Han et al., 
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1992). An inability of plastids to translate chloroplast DNA-encoded proteins results in a 
blockage early in chloroplast biogenesis (white plastids and sectors); the reason for the 
variegation is unknown. Variegations in the nuclear recessive saskatoon and albostrians 
mutants of barley have a similar loss of chloroplast ribosomes, although the primary lesions 
are not known (Hess et al., 1994; Yaronskaya et al., 2003). Examples of this type of 
variegation in Arabidopsis include variegated2 (var2) and chloroplast mutator (chm). var2 
plants have white/yellow and green variegated leaves. Mutations in the AtFtsH2 (VAR2) gene, 
which codes for a chloroplast ATP-dependent zinc metalloprotease, hinders the D1 turnover 
process in var2, producing plants whose true leaves (but not cotyledons) are variegated 
(Chen et al., 2000; Lindahl et al., 2000). chm plants, on the other hand, are variegated 
because they have rearranged mitochondrial genomes (Martinez-Zapater et al., 1992). The 
CHM gene encodes a protein that is a homolog of the MutS gene in Escherichia coli and that 
functions in mismatch repair and DNA recombination (Abdelnoor et al., 2003). Similar to the 
NCS mutants of maize, dysfunction in mitochondria of chm plants secondarily interrupts 
communication with the chloroplast, and leads to white sector formation (Sakamoto et al., 
1996).  
 
The green and white sectors of  the im mutant 
 im is a nuclear gene-induced variegation mutant, whose green and white sectors 
have the same genotype. Reciprocal crosses of im and wild type have shown that im is not 
maternally-inherited (Wetzel et al., 1994). In spite of the genome uniformity, the green and 
white sectors of im mutant are different.  
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 As discussed previously, the green and white sectors of im have different 
morphologies, as observed via light microscopy (Aluru et al., 2001). From electron 
microscopy, the plastids in the white sectors lack typical membrane structures, while those in 
the green sectors appear morphologically normal. However, compared to wild type, the green 
im sectors have elevated rates of carbon assimilation (Aluru et al., 2001). These rate 
increases are accompanied by elevated activities of Rubisco and sucrose phosphate synthase 
(SPS); an accumulation of starch and sucrose; and a pattern of carbohydrate partitioning that 
favors sucrose over starch (Aluru et al., 2007). In contrast, the im white sectors have 
dramatically increased acid invertase activities and low levels of sucrose (Aluru et al., 2007). 
Based on these observations, it was postulated that there is a sucrose gradient between the 
green and white sectors (Aluru et al., 2007). According to this “sink demand” hypothesis, the 
green sectors act as sources of carbohydrate for the white sectors, and photosynthetic rates 
are enhanced in the green sectors to maximize carbohydrate production and thus plant growth.   
 To further explore the differences between the green and white sectors of im, 
microarray analyses were performed (Aluru et al., 2009). Consistent with the “sink demand” 
hypothesis, genes involved in photosynthesis, sucrose and starch metabolism were strikingly 
repressed in imW versus imG. On the other hand, genes that metabolize imported sucrose in 
sink tissues, such as sucrose synthase, fructokinases, invertases, and sugar transporters, were 
strongly induced in im white sectors. Therefore, the transcriptome studies demonstrate that 
im green tissues have an enhanced ability to produce carbohydrate, primarily sucrose, to meet 
the demand of the im white tissues, whereas the white tissues upregulate genes whose 
products degrade sucrose. The microarray analyses also revealed that the expression of genes 
for proteins that function in plant defense and oxidative stress were induced in both imW and 
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imG. Several genes having high fold-changes and belonging to the defense and oxidative 
stress categories were over-expressed in im plants. Unfortunately, none of them could 
suppress the variegated phenotype (A. Fu, unpublished data). Taken together, the microarray 
and molecular experiments are consistent with the idea that without the normal function of 
IM, the green sectors of im develop adaptations to increased photosynthesis to feed the white 
sectors, as well as adaptations to prevent oxidative stress. 
 
Hypothesis of im variegation 
 All the data concerning differences between the green and white sectors of im 
provide clues about the mechanism of im variegation, but the nature of the mechanism has 
yet to be resolved with certainty. In addition to the aforementioned genome uniformity in 
both im white and green sectors, all im alleles characterized to date are null mutations, and 
there are no other IM homologs in Arabidopsis (Wu et al., 1999). These facts argue that the 
green sectors do not arise because of a type of genome instability that produces tissues with 
different genotypes (IM versus im), or because of the function of a redundant IM-like protein. 
However, this does not rule out the possibility that the green sectors have enhanced activities 
of another plastid terminal oxidase with activities similar to IM. Such oxidases have been 
reported (Casano et al., 2000; Joet et al., 2002).  
 To explain the mechanism of im variegation, a threshold model has been proposed 
by the Rodermel lab (Figure 4). In this model, the carotenoid biosynthesis pathway is 
coupled to an electron transport chain in the thylakoid membrane (Figure 5). In this chain, 
phytoene desaturase donates electrons from phytoene through its co-factor FAD to the 
plastoquinone pool. IM acts as a terminal oxidase, oxidizing the reduced PQ pool and 
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transferring electrons to oxygen. During the early stages of chloroplast biogenesis, thylakoid 
membranes are synthesized, the photosynthetic machinery is assembled, and carotenoid 
biosynthesis increases. It is hypothesized that a role of IM in phytoene desaturation is crucial 
for plastid development at these early stages of chloroplast and leaf development. At a later 
stage of plastid differentiation, when the thylakoid membranes are assembled, IM is not as 
important (Rosso et al., 2006). Interestingly, a few IM proteins are enough to fulfill the 
electron transfer duty. Antisense IM plants with only ~3% of wild type proteins perform 
normally under moderate light (Fu et al., 2009). 
 According to the threshold hypothesis, a lack of IM (as in im mutants), leads to a 
blockage of colored (photoprotective) carotenoid biosynthesis at the phytoene desaturase step 
in developing chloroplasts. This is because there is a lack of downstream components to 
accept electrons from the PQH2 pool. The lack of colored carotenoid production, in turn, 
results in a lack of photoprotection, the accumulation of ROS and photooxidative damage, 
and the formation of white plastids, white cells and white sectors. On the other hand, if 
sufficient amounts of colored (photoprotective) carotenoids accumulate by a compensating 
mechanism, cells will escape from photobleaching and form green sectors. One reason for 
assuming a threshold is that there are only two plastid types in im (white or green) — there 
are no intermediate morphologies observed. The model thus assumes that there is a threshold 
of electron flow through the PDS step of carotenogenesis. When flow is blocked by the 
accumulation of reduced PQ, carotenoid biosynthesis is blocked, leading to a lack of 
photoprotection and the formation of white plastids and white sectors. When flow through 
phytoene desaturase is allowed (PQ is oxidized), carotenoid biosynthesis occurs, and green 
sectors are formed because the photosynthetic apparatus is protected from photooxidation.  
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 One of the most distinguishing phenotypes of im is its light sensitivity: high light 
promotes white sector formation. According to the threshold hypothesis, factors such as light 
intensity serve to alter the threshold in a plastid-specific manner, since different plastids in a 
leaf receive vastly different amounts of light. Hence, increasing light intensity promotes 
white sector formation because enhanced electron flow promotes reduction of the PQ pool 
(high threshold for green sector formation), while low light keeps the PQ pool more oxidized, 
thus lowering the threshold (and promoting carotenoid accumulation and green sector 
formation). The compensating mechanism could be the operation of a redundant redox 
pathway or an oxidase whose activities intrinsically vary according to plastid and/or cell. The 
compensating mechanism could also be another photoprotective activity or pathway. The 
threshold model could be also considered as a balance between photoprotection and 
photodamage. In a plastid, if the photoprotection provided is over a threshold to overcome 
photodamage, this plastid would turn green, otherwise, it would be white.    
 The hypothesis mentioned above is good to explain the phenotype of immutans, 
however, the mechanism of variegation is not known. Suppressor studies could supply 
insight into the relationship between im and production of the variegated phenotype, as well 
as insight into interactions between the chloroplast and nucleus. The rationale of undertaking 
suppressor studies is to isolate suppressor genes for proteins that, when mutated, compensate 
for IM function. Characterization of the suppressor gene could provide insight into the 
mechanism of variegation. In this dissertation, studies of three suppressors are reported: 
CS3630, ems41, and ATG791. CS3630 is an im allele ordered from the seed stock center, 
while ems41 and ATG791 are transgenic suppressors isolated by EMS treatment and 
activation-tagging, respectively. 
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FIGURE LEGENDS 
 
Figure 1. Carotenoid biosynthesis pathway in plants (adapted from Simkin et al., 2008). 
Overview of the biosynthesis of isoprenoids in plastids. PSY, phytoene synthase; PDS, 
phytoene desaturase; ZDS, ζ-carotene desaturase; PTOX, plastid terminal oxidase; CRTISO, 
carotenoid isomerase; LCY-B, lycopene β-cyclase; LCY-E, lycopene ε-cyclase; CRTR-B, β-
carotene hydroxylase; CRTR-E, ε-carotene hydroxylase; ZEP, zeaxanthinepoxidase; VDE, 
violaxanthin de-epoxidase; NXS, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid 
dioxygenase.  
Figure 2. Plant mitochondrial respiratory chain (adapted from McIntosh, 1994). Plant 
mitochondrial respiratory chain. Complex I, NADH dehydrogenase; Complex II, succinate 
dehydrogenase; Complex III, bc1; complex IV, Cyt oxidase; AOX, alternative oxidase; UQ, 
ubiquinone; Ext., an external plant NADH dehydrogenase; ?, another proposed NADH 
dehydrogenase for plants; AA, antimycin A; SHAM, salicylhydroxamic acid; TCA, 
tricarboxylic acid. 
Figure 3. Schematic diagram of photoprotective processes in plant chloroplasts (Niyogi, 
1999). 
Figure 4. Model of immutans variegation (adapted from Wu et al., 1999). 
Figure 5. IMMUTANS is a terminal oxidase required for carotenoid biosynthesis (adapted 
from Aluru and Rodermel, 2004). IM (IMMUTANS) is hypothesized to be terminal oxidase 
of a redox chain that accepts electrons from the PDS desaturation step, and perhaps from the 
ZDS desaturation step (Wu et al. 1999; Carol et al. 1999; Carol & Kuntz 2001). 
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CHAPTER 2. VARIEGATION MUTANTS AND MECHANISMS OF 
CHLOROPLAST BIOGENESIS 
A paper published in Plant, Cell and Environment 
Fei Yu, Aigen Fua, Maneesha Aluru, Sungsoon Parka, Yang Xu, Huiying Liu, Xiayan Liu, 
Andrew Foudree, Millie Nambogga and Steven Rodermel 
 
ABSTRACT 
Variegated plants typically have green- and white-sectored leaves.  Cells in the green 
sectors contain normal-appearing chloroplasts whereas cells in the white (or yellow) sectors 
lack pigments and appear to be blocked at various stages of chloroplast biogenesis.  
Variegations can be caused by mutations in nuclear, chloroplast or mitochondrial genes.  In 
some plants, the green and white sectors have different genotypes, but in others they have the 
same (mutant) genotype.  One advantage of variegations is that they provide a means of 
studying genes for proteins that are important for chloroplast development, but for which 
mutant analysis is difficult, either because mutations in a gene-of-interest are lethal or 
because they do not show a readily distinguishable phenotype.  This review focuses on 
Arabidopsis variegations, for which the most information is available at the molecular level.  
Perhaps the most interesting of these are variegations caused by defective nuclear gene 
products in which the cells of the mutant have a uniform genotype.  Two questions are of 
paramount interest: What is the gene product, and how does it function in chloroplast 
biogenesis?  What is the mechanism of variegation, and why do green sectors arise in plants 
with a uniform (mutant) genotype?  Two paradigms of variegation mechanism are described 
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--  immutans (im) and var2.  Both mechanisms emphasize compensating activities and the 
notion of plastid autonomy, but redundant gene products are proposed to play role in var2, 
but not im.  It is hypothesized that threshold levels of certain activities are necessary for 
normal chloroplast development.   
 
INTRODUCTION 
 
Variegation mutants have been defined as “any plant that develops patches of 
different colors in its vegetative parts” (Kirk & Tilney-Bassett 1978).  As early as 1868, 
Darwin classified “sports” (spontaneous mutations) according to the plant organ in which 
they appeared to have their primary affect; many sports were variegations (Tilney-Bassett 
1986).  Some of the most common variegations have green and white (or yellow) sectors in 
normally-green tissues and organs of the plant.  Whereas cells in the green sectors typically 
contain normal-appearing chloroplasts, cells in the white (or yellow) sectors contain plastids 
that are deficient in chlorophyll and/or carotenoid pigments.  These plastids appear to be 
photooxidized or blocked at various steps of chloroplast biogenesis because they frequently 
lack organized internal membrane structures and/or contain only rudimentary lamellae.  
Despite their widespread occurrence in nature, relatively few variegations have been 
characterized at the molecular level.  
Variegation mutants have played a prominent role in the history of genetics (Kirk & 
Tilney-Bassett 1978; Tilney-Bassett 1975).  As a notable example, Correns and Baur 
observed in the early 1900’s that transmission of the variegation trait does not always obey 
Mendel’s laws, paving the way for the discovery of non-Mendelian (maternal) inheritance 
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(reviewed by Granick, 1955).  Whereas variegations have long been associated with 
differences in plastid form and function, it was not possible to gain insight into the molecular 
basis of this phenomenon until the 1960’s and early 1970’s, when compelling molecular 
evidence was presented that mitochondria and chloroplasts contain their own DNA and 
protein synthesis systems, and that organellar proteins are the products of genes in the 
chloroplast and mitochondrion, as well as the nucleus (reviewed by Bogorad 1981).  Today it 
is well-established that nuclear-encoded organellar proteins are translated as precursors on 
80S ribosomes in the cytosol and transported into the organelle post-translationally, whereas 
organelle-encoded proteins are translated on prokaryotic-like 70S ribosomes in the organelle 
itself (reviewed by Goldschmidt-Clermont 1998).  Gene expression in the organelle and 
nucleus-cytoplasm is coordinated and integrated by a variety of poorly-understood 
anterograde (nucleus-to-organelle) and retrograde (organelle-to-nucleus) signaling 
mechanisms (reviewed by Leon, Arroyo & Mackenzie 1998; Rodermel 2001; Pfannschmidt 
2003; Nott et al. 2006). 
 
MECHANISMS OF VARIEGATION 
Variegations can arise by many different mechanisms (reviewed by Kirk & Tilney-
Bassett 1978; Tilney-Bassett 1975).  Some variegations are induced by external agents and 
are not heritable.  For instance, chlorotic leaf sectors can be generated by preferential 
shading, pathogen attack, and nutritional deficiencies.  Heritable variegations, on the other 
hand, arise from mutations in nuclear, plastid and/or mitochondrial genes that result in a 
failure of plastids to accumulate photosynthetic pigments, either directly or indirectly, 
producing sectors with cells containing white or yellow plastids.  The abnormal plastids are 
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often, but not always, “permanently-defective” and inherited in a non-Mendelian fashion, i.e. 
maternally (in the majority of angiosperms) or biparentally (Tilney-Bassett 1975; Connett 
1987).  In cases of maternal inheritance, the probability of transmission of a permanently-
defective organelle is related to the extent of variegation of the mother plant.  In many cases, 
the defective plastids (and the cells that contain them) replicate normally, or nearly so, and 
sort out to produce clones of cells containing morphologically normal chloroplasts (green 
sectors) or abnormal plastids (white or yellow sectors) (reviewed by Kirk & Tilney-Bassett 
1978; Tilney-Bassett 1986, 1989; Hagemann1986).  Preferential replication of green versus 
white plastids (or cells) has also been documented (Hagemann 1986; Stubbe 1989; Park et al. 
2000).  
There are two major types of variegation depending on the genotypes of the white and 
green sectors.  These types of variegations can be caused by mutations in nuclear, plastid or 
mitochondrial genes.  In the first, cells in the green sectors have a wild type genotype, while 
cells in the white sectors have a mutant genotype.  Prominent examples include the 
following: 
 
A. Chimerism occurs when different histological regions of a plant meristem, and 
consequently the tissues that derive from them, have different genotypes (reviewed by Kirk 
& Tilney-Bassett 1978; Tilney-Bassett 1986).  
 
B. Transposable element activity generates variegated plants when insertion of a 
transposon interrupts a nuclear gene required for normal chloroplast biogenesis (white 
sectors), while element excision (or silencing) reconstitutes wild type gene expression (green 
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sectors).  These are often termed mutable alleles.  Mutable alleles were first described in 
maize by McClintock (reviewed in Federoff 1989; Feschotte, Jiang & Wessler 2002) and 
have been used to clone a variety of genes in maize and other species.  Some well-known 
examples of mutable alleles of genes important for chloroplast biogenesis include maize bsd1 
(bundle sheath defective), which is allelic to golden2 (Langdale & Kidner 1994; Hall et al. 
1998), bsd2 (Brutnell et al. 1999), hcf106 (Martienssen et al. 1989; Settles et al. 2001) and 
lpe1 (leaf permease) (Schultes et al. 1996); dcl in tomato (defective chloroplasts and leaves) 
(Keddie et al. 1996; Bellaoui, Keddie & Gruissem 2003); olive and dag (differentiation and 
greening) in Antirrhinum (Hudson et al. 1993; Chatterjee et al. 1996; Chatterjee & Martin 
1997); and pyl-v (pale-yellow-leaf variegated) in rice (Tsugane et al. 2006).  In Arabidopsis, 
mutable alleles have been reported in transposon-tagging experiments using heterologous 
elements, such as the autonomous maize En-1 element, or the maize Dissociation (Ds) 
transposable element/Activator (Ac) transposase system (e.g., Klimyuk et al. 1995; Wisman 
et al. 1998).  
 
C  RNA silencing encompasses a wide range of phenomena in which gene expression is 
regulated by small RNAs (ca. 21-26 nt) produced from dsRNAs or stem loop RNA 
precursors (reviewed in Meins, Si-Ammour & Blevins 2005).  These RNAs guide the 
cleavage of target gene RNAs (as with RNAi, antisense, or co-suppression), block their 
translation, or induce the methylation of target genes.  All of these mechanisms can produce 
variegation when a nuclear gene required for chloroplast biogenesis is silenced in some cells 
but not others.  An early, dramatic example of RNA silencing was the production of 
variegated flowers in transgenic petunia that contain an antisense chalcone synthase gene 
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(e.g., van der Krol et al. 1988; 1990).  IspH transgene-induced gene silencing is a recent 
example of leaf variegation in Arabidopsis (Hsieh & Goodman 2005); IspH catalyzes the last 
step of the plastid-localized nonmevalonate pathway of isoprenoid biosynthesis.  
 
D. Plastome mutators are nuclear genes that cause mutations in chloroplast DNA (reviewed 
by Tilney-Bassett 1975; Börner & Sears 1986).  For example, the pm (plastome mutator) 
gene of Oenothera (evening primrose) causes insertions and deletions in plastid genes that 
result in template slippage and the generation of permanently-defective, biparentally 
inherited plastids (Chang et al. 1996; Stoike & Sears 1998; GuhaMajumdar, Baldwin & 
Sears 2004).  “Mixed cells” that contain plastids with mutant and normal plastid genomes 
sort-out to form homoplasmic clones of plastids and cells containing all-mutant (white) or 
all-wild type (green) plastid DNAs.   
 
E. Plastome (plastid genome) mutations can arise spontaneously or following treatment 
with various chemical mutagens (reviewed by Tilney-Bassett 1975; Börner & Sears 1986; 
GuhaMajumdar et al. 2004).  Plastome mutants can also be produced by chloroplast 
transformation (e.g., Maliga 2004).  Such “transplastomic” lines can be engineered by the 
integration of an antibiotic cassette into the plastid genome by homologous recombination 
via flanking plastid DNA sequences in the vector; the transformed plastid DNAs 
subsequently sort-out to form homoplasmic lines.  It might be anticipated that mutations in 
many plastid genes, regardless of how they are generated, would give rise to defective 
plastids because plastid genomes primarily code for core components of the photosynthetic 
apparatus and for proteins involved in plastid gene expression (reviewed by Goldschmidt-
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Clermont 1998).  As above with plastome mutators, variegations arise when these genomes 
sort-out to form homoplasmic clones of plastids and cells.    
 
F. Some mitochondrial genome mutations cause variegation as a secondary consequence of 
defective mitochondria, i.e., the mitochondrial defect leads to lesions in chloroplast 
biogenesis or maintenance, generating white or yellow plastids.  This is presumably due to a 
disruption in the normal flow of metabolites and regulatory information from mitochondria to 
chloroplasts (and vice versa) (Raghavendra, Padmasree & Saradadevi 1994).  The 
nonchromosomal stripe (NCS) mutants of maize are well-known examples of this type of 
variegation (Newton & Coe 1986).  These mutants have abnormal growth phenotypes and are 
heteroplasmic for mutant and normal mitochondrial DNAs (mtDNAs).  During development, 
defective mitochondria sort-out to form stripes containing cells that are homoplasmic (or 
nearly so) for wild type (green stripes) or mutant DNAs (pale green or yellow stripes); the 
defective mitochondria are maternally-inherited (Newton & Coe 1986; Newton et al. 1990).  
Five NCS mutants have been characterized at the molecular level and all are caused by small 
deletions in essential mitochondrial genes (reviewed in Gabay-Laughnan & Newton 2005).  
All of the NCS mutations arose in the Wf9 (or Wf9-related) nuclear background, and while it 
is thought that their generation is due to nuclear gene mutations, the causative alleles have 
not been identified (K. Newton, personal commun.).  NCS-like mutations are found in other 
higher plant species, including tobacco (Bonnett et al. 1993; Guttierres et al. 1997), tomato 
(Bonnema et al. 1995) and Arabidopsis (Sakamoto et al. 1996).  
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G. Plastid – nucleus incompatibility can cause variegation.  A well known example of this 
phenomenon is Oenothera (evening primrose) (reviewed by Hagemann 1986; Stubbe 1989).  
Each species of Oenothera is distinguished by a certain “plastid type” and “nuclear type”, 
and “incompatibility” between them occurs when they are combined in novel combinations 
in interspecific crosses.  Incompatibility manifests itself in developmental disturbances that 
are frequently accompanied by pigment deficiencies (including variegations) and, in extreme 
cases, by an inhibition of plastid and cell reproduction (e.g., Glick & Sears 1994).    
 
In the second major type of variegation, the cells of the mutant have a uniform mutant 
genotype, but the mutant phenotype is expressed in only a subset of cells (white sectors).  
Variegations of this sort are typically induced by nuclear recessive genes.  Examples of this 
type of variegation have been known since ca. 1921 (reviewed by Hagemann 1986).  One of 
the earliest (and a textbook case of maternal inheritance) is iojap, a maize striping mutant 
(Walbot & Coe 1979; Coe, Thompson & Walbot 1988).  iojap plants have a homozygous 
recessive genotype, but the phenotype is expressed only in the white stripes; the green stripes 
appear normal.  The plastids in the white sectors of iojap lack 70S ribosomes and are 
permanently-defective because plastid ribosome biogenesis requires the ability to translate 
70S ribosomal proteins encoded in the plastid genome.  Hence, once a plastid has lost its 
ribosomes, it can’t regain them even if returned to a wild type nuclear background.  IOJAP 
has been cloned and appears to code for a component of the 50S subunit of the plastid 
ribosome (Han, Coe & Martienssen 1992; Han & Martienssen 1995); the reason for the 
striping is not understood.  The well-known Saskatoon and albostrians mutants of barley are 
other examples of striping mutants that lack plastid 70S ribosomes due to nuclear recessive 
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genes (Börner & Sears 1986; Hagemann 1986; Hess et al. 1994; Yaronskaya et al. 2003); 
neither of these genes has been cloned.   
Although a number of nuclear gene-induced variegations have been reported, the 
primary lesions and mechanism of variegation are understood in very few of them.  The best 
understood examples come from Arabidopsis.  Hence, the remainder of this review will focus 
on Arabidopsis variegations and in particular on those induced by nuclear-gene products.  
Several questions are of particular relevance in surveying each mutant.  First, it is of interest 
to know the identity of the gene product defined by each mutant locus, how it functions in 
plastid biogenesis, and why plastids are defective in the mutant.  Second, it is important to 
know the mechanism of variegation.  Why are the mutants variegated rather than albino or 
uniformly-pigmented?  The fact that so few variegations of this type have been documented 
raises the possibility that they have some underlying variegation mechanism(s) in common. 
In addressing these questions, two Arabidopsis variegations will be discussed in 
greater detail than the others -- immutans and var2.  These mutants have been characterized 
more fully than others and should provide a foundation about the basic methodologies used 
to study variegation mutants.  In addition, these mutants represent two different paradigms of 
variegation mechanism.  The discussion will also be limited to variegations that are present 
throughout the life of the plant, and will exclude a large number of slow-greening or 
virescent mutants that are sectored during only an early part of their development (e.g., 
López-Juez et al. 1998).    
 
ARABIDOPSIS VARIEGATIONS 
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Mutagenesis experiments in A. thaliana typically generate a low frequency of color 
mutants.  For instance, Reiter et al. (1994) identified nearly 300 color mutants in a collection 
of ~8,000 T-DNA tagged plants (3.75% frequency).  These mutants had a uniform 
pigmentation and no variegations were reported.  Of 78 color mutants recovered in a 
collection of 10,950 T-DNA and En-tagged lines (0.75% frequency), four were variegations 
(0.04% frequency) (Wisman et al. 1998; D. Maiwald, unpublished observations).  Recent 
large-scale phenotyping of 4,000 transposon-insertion lines, each with a Ds element in a gene 
coding region, resulted in 139 mutants with reproducible, visual phenotypes in their aerial 
organs (Kuromori et al. 2006).  Five of these were variegations and four were reticulate 
(~0.2% overall frequency).   
In contrast to the relatively low percentage of variegations that arise in tagging 
experiments, McKelvie (1963) found that approximately 10% of the color mutants generated 
by EMS and X-ray mutagenesis of A. thaliana are variegated.  Röbbelen (1968) reported that 
the immutans variegation mutant (discussed below) arose with a frequency of ca. 2 x 10-5 in 
the M2 progeny from X-ray treated A. thaliana seeds and with a frequency of 1.4 x 10-3 in 
the M2 progeny from EMS-treated seeds; immutans did not arise spontaneously in any of 
these experiments.  The frequency of EMS-generated immutans in Röbbelen’s experiments is 
higher than the average per locus mutation frequency estimated for EMS mutagenesis in 
Arabidopsis (0.5 x 10-3 to 0.5 x 10-4) (Koorneef, Dresselhuys & Ramulu 1982; Haughn et al. 
1988; Vizir, Thorlby & Mulligan 1996).  In summary, the Arabidopsis mutagenesis 
experiments, while not exhaustive, are illustrative of the general principle that variegations 
arise at a low, but variable, frequency in Arabidopsis, and that this frequency is influenced by 
the type of mutagen used.   
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There are several hundred variegation mutants in the Arabidopsis stock centers at 
Ohio State and Notttingham.  Many of these mutants are from the Rédei, Röbbelen and 
Kranz collections.  However, most of these lines have been characterized only superficially 
and the genes have not been mapped.  For instance, a number of uncharacterized lines are 
alleles of immutans (Wu et al. 1999; unpublished observations).  Therefore, the diversity of 
variegations in the stock centers is not clear, but merits further study.  
 
immutans 
The immutans (im) variegation mutant is one of the oldest Arabidopsis mutants and 
was first described and partially characterized nearly 50 years ago by Rédei in the U.S. and 
Röbbelen in Germany (Rédei 1963; Röbbelen 1968) (Figure 1A).  Green- and white-
sectoring in im is caused by a nuclear recessive gene, and both types of sectors have a 
uniform (mutant) genetic constitution.  The green sectors contain cells with morphologically 
normal chloroplasts, whereas the white sectors contain vacuolated plastids that lack 
organized lamellar structures (Wetzel et al. 1994).  The cells in the white sectors can be 
heteroplastidic for abnormal plastids and rare, normal-appearing chloroplasts (sometimes 
called “mixed cells”).  This indicates that the plastids in a given cell do not respond similarly 
to the im mutation (im displays “plastid autonomous” behavior).  Defective plastids are not 
maternally-inherited in im and are therefore not permanently defective; likely, the plastid 
defect is rescued as a consequence of the plastid differentiation events that occur during 
reproduction and early embryo development (Wetzel et al. 1994).    
Whereas im green sectors contain the normal complement of chlorophylls and 
carotenoids, the white tissues accumulate phytoene, a non-colored C40 carotenoid 
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intermediate (Wetzel et al. 1994).  This indicates that the mutant is blocked at the phytoene 
desaturase (PDS) step of carotenoid biosynthesis, and is incapable of producing enough 
colored carotenoids to avoid photooxidation; i.e., im is a classical carotenoid mutant.  
Consistent with this idea, green sector formation is enhanced by low-light conditions, while 
high light intensity favors white sector formation.  Cloning of IMMUTANS by map-based 
methods (Wu et al. 1999) and by T-DNA-tagging (Carol et al. 1999) revealed that the gene 
codes for a protein with similarity to the alternative oxidase (AOX) of mitochondrial inner 
membranes.  AOX functions as a terminal oxidase in the alternative (cyanide-resistant) 
pathway of mitochondrial respiration, where it generates water from ubiquinol (reviewed by 
Siedow & Umbach 1995; Vanlerberghe & McIntosh 1997).  AOX is found in all higher 
plants and in some algae, fungi and protists.  The fact that IM bears similarity to AOX led to 
the hypothesis that IM is a redox component of a phytoene desaturation pathway involving 
PDS, plastoquinol and oxygen as a final electron acceptor (reviewed in Aluru et al. 2006) 
(Figure 2).  Consistent with this interpretation, IM has quinol:oxygen oxidoreductase activity 
when expressed in E. coli (Josse et al. 2000).   
IM is expressed ubiquitously in Arabidopsis tissues and organs throughout 
development (Aluru et al. 2001).  The well-known ghost (gh) variegation mutant of tomato is 
orthologous to im, and GH is also abundantly expressed in fruit (Josse et al. 2000; Barr et al. 
2004).  In accord with these observations, the development of many plastid types 
(chloroplasts, amyloplasts, etioplasts, chromoplasts) is impaired in im and gh (Aluru et al. 
2001; Barr et al. 2004).  The ubiquity of IM expression raises the question whether it plays a 
role in plastid metabolism that extends beyond carotenoid biosynthesis.  Consistent with this 
idea, it has been proposed that IM serves as the terminal oxidase of chlororespiration 
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(oxidation of PQ in the dark); hence, IM has often been called PTOX (plastid terminal 
oxidase) (reviewed in Peltier & Cournac 2002).  Evidence for this has come from 
experiments with PSI-deficient Chlamydomonas and with tobacco that overexpress 
Arabidopsis IM (Cournac et al. 2000; Joet et al. 2002).  It has also been suggested that IM is 
a “safety valve” in photosynthesis, providing an alternate electron sink to detoxify excess 
electrons produced during photosynthetic electron transport (as during stress).  In support of 
this idea, IM protein levels are enhanced in double antisense tobacco plants lacking catalase 
and ascorbate peroxidase, and IM is also induced under high light conditions in wild-type 
Arabidopsis and tobacco (Rizhsky et al. 2002).  On the other hand, examination of im and IM 
overexpression lines do not support the notion that IM functions as a “safety valve” during 
steady state photosynthesis in Arabidopsis (Rosso et al. 2006), however, this does not rule 
out the possibility that IM functions in this capacity during early chloroplast biogenesis.  This 
possibility will be reviewed later (see Mechanism of im variegation).  
Light microscopy has revealed that the morphology of most organs and tissues is not 
altered in im plants (Aluru et al. 2001).  However, the green sectors of im leaves are thicker 
than normal due to an increase in air space volume and in epidermal and mesophyll cell 
sizes.  Accompanying these changes are higher than normal rates of photosynthesis, an 
enhanced accumulation of starch and sucrose, and altered patterns of partitioning, such that 
more newly-fixed carbon is shunted into the soluble carbohydrate fraction (Aluru et al. 
2006).  These changes appear to be due primarily to enhanced activities and activation states 
of key regulatory enzymes, such as Rubisco and sucrose phosphate synthase.   
The anatomy of the white leaf sectors is also perturbed in im plants.  These sectors 
have a normal thickness, but the palisade cells fail to expand properly (Aluru et al. 2001).  
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This is consistent with the idea that the defective plastids in the white sectors are impaired in 
the transmission of retrograde signals to regulate leaf development programming (Rodermel 
2001).  Accompanying the morphological alterations, cells in the white sectors accumulate 
low levels of sucrose, and have higher cell wall invertase activities than the green sectors.  
These observations support the notion that there is a sucrose gradient between the green and 
white sectors (sink demand), and that plant growth and development are optimized by the 
movement of sucrose from the green tissues (sources) to feed the white tissues (sinks) (Aluru 
et al. 2006).   
 
Mechanism of im variegation 
A “threshold model of photooxidation” has been proposed to explain the mechanism 
of variegation in null im mutants (Wu et al. 1999).  According to this model, one or more 
activities are able to compensate for a lack of IM in some plastids and cells of the mutant, 
allowing the production of chloroplasts, green cells and green sectors.  This compensatory 
activity is unlikely to be another IM-like AOX protein inasmuch as IM is a single-copy gene 
in all organisms examined (it is present only in photosynthetic organisms).  However, this 
activity could be another plastid oxidase involved in oxidation of the PQ pool, e.g., there 
have been reports of a cyanide-sensitive oxidase in chloroplasts (Joet et al. 2002) and of a 
thylakoid-bound hydroquinone peroxidase (Casano et al. 2000), and there could be others 
(Peltier & Cournac 2002).  Alternatively, it is possible that redox components downstream 
from the PQ pool in the photosynthetic electron transport chain, or other mechanisms of 
photoprotection (e.g., safety valves), serve as compensating factors, at least during certain 
stages of thylakoid membrane biogenesis. 
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According to the working model of im variegation (Figure 2), different pathways of 
electron transport function in phytoene desaturation at different stages of development, and 
with different efficiencies, depending on which electron transport components are available 
(Wu et al. 1999).  This probably varies from plastid-to-plastid.  A fundamental assumption is 
that IM is one of these factors and that its presence facilitates carotenoid synthesis during 
early chloroplast biogenesis when the multisubunit complexes of the thylakoid membrane are 
being assembled (Mullet 1988; Pyke, Marrison & Leech 1991; Pyke & Leech 1992; Pyke & 
Leech 1994).  It is proposed that during this time, PDS is unable (or minimally able) to carry 
out phytoene desaturation when IM is absent and compensating activities (such as 
downstream electron transport components) are not present.  Under these conditions, 
phytoene would accumulate because of over-reduction of the PQ pool, causing a blockage in 
carotenoid synthesis; consistent with this hypothesis, an overreduction of the PQ pool has 
been observed in im green sectors (Baerr et al. 2005; Rosso et al. 2006).  The plastids would 
thus be in a state vulnerable to high light-induced photooxidation by newly-accumulating 
chlorophylls.  In essence, a developmental “race” would ensue between photooxidation due 
to a lack of carotenoid photoprotection (giving rise to white plastids) versus the development 
of efficient mechanisms of electron transport away from phytoene to accommodate PDS 
activity and the synthesis of enough carotenoids to afford threshold levels of photoprotection 
(giving rise to chloroplasts).  Low light and thus lower photooxidative pressure would allow 
more plastids to survive the race through the vulnerable stage, accumulate chlorophylls and 
turn green.  In the presence of a functional IM, electron transport would not be inhibited 
during early development and carotenoid synthesis would proceed unhindered, thus avoiding 
photooxidative vulnerability.   
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A final element of the model proposes that the green and white sectors in developing 
and mature leaves are primarily a reflection of large-scale differences in restrictive versus 
permissive conditions perceived by the developing leaf (primarily light).  For instance, 
regions of the meristem that are shaded might translate into green patches in the fully-
expanded, mature leaf, whereas regions that perceive high light might translate into white 
patches. 
 
Structure/function studies 
IM and AOX are members of the non-heme diiron carboxylate (DOX) protein family, 
and structural models of these proteins have been proposed based on models of DOX 
proteins from animal systems (Andersson & Nordlund, 1999; Berthold, Andersson & 
Nordlund 2000).  IM and AOX have been modeled as interfacial membrane proteins with an 
active site (DOX) domain exposed to the stroma (or matrix).  The DOX domain is composed 
of a four-helix bundle that provides six ligands for binding the diiron center: E136, E175, 
H178, E227, E296 and H299.  Using site-directed mutagenesis in vitro and in planta, Fu et 
al. (2005) showed that the six Fe ligands of IM are essential for activity and that they do not 
tolerate change.  The mutagenesis experiments also showed that a 16 amino acid domain of 
IM corresponding to Exon 8 of the genomic sequence (the Exon 8 Domain) is important for 
function, folding and/or stability.  This domain is found in nearly all IM sequences, but 
lacking in AOX.   
 
var2  
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yellow variegated was one of the first Arabidopsis mutants isolated by Rédei in the 
1950s (personal communication).  It is allelic to another nuclear recessive mutant, var2, 
isolated by Martínez-Zapater (1993).  var2 has normal-appearing cotyledons and 
white/yellow sectors in normally green organs of the plant (Martínez-Zapater 1993, Chen, 
Jensen & Rodermel 1999; Figure 1B).  The green sectors have morphologically-normal 
chloroplasts, whereas the white and yellow sectors have plastids that appear to be blocked in 
chloroplast biogenesis inasmuch as they lack an organized thylakoid membrane system 
(Chen et al. 1999; Takechi et al. 2000).  Some cells in the white sectors of var2 are 
heteroplastidic and contain a few normal chloroplasts, in addition to the abnormal plastids 
(Chen et al. 1999).  The presence of “mixed cells” indicates that the mutation has an unequal 
affect on the plastids in a cell (i.e., that it is “plastid autonomous).  The extent of var2 
variegation can be modulated by light and development (Martínez-Zapater 1993; Zaltsman, 
Feder & Adam 2005).  
VAR2 was cloned by map-based procedures and found to encode a chloroplast 
homologue of E. coli FtsH, an ATP-dependent zinc metalloprotease (Chen et al. 2000).  A T-
DNA tagged allele of VAR2 has also been described (Takechi et al. 2000).  FtsH belongs to 
the large class of AAA (ATPase associated with various cellular activities) proteins.  AAA 
proteins have one or two “AAA cassette” domains (ca. 200-250 amino acids) that contain 
well-conserved Walker A and B ATP-binding motifs and a “Second Region of Homology” 
(function unknown) (Beyer 1997).  FtsH proteins contain two transmembrane domains in the 
N-terminal half of the protein, a single AAA cassette and a zinc-binding motif in the C-
terminal half.  Localization experiments have shown that VAR2 is embedded in the thylakoid 
membrane with its bulky C-terminus facing the stroma (Chen et al. 2000).   
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E. coli has a single FtsH gene, but FtsH genes are present as multigene families in all 
prokaryotic and eukaryotic photosynthetic organisms examined to date (reviewed in Aluru et 
al. 2006).  In Arabidopsis there are 12 FtsH genes (Sokolenko et al. 2002; Sakamoto et al. 
2003; Yu, Park & Rodermel 2004).  All are located in chloroplasts except AtFtsH3, 4 & 10, 
which are targeted to mitochondria (Chen et al. 2000; Sakamoto et al. 2002; Sakamoto et al. 
2003; Yu et al. 2004).  The 12 genes comprise four highly-conserved “phylogenetic pairs” of 
highly homologous genes (AtFtsH1/5, AtFtsH2/8, AtFtsH3/10 & AtFtsH7/9) (Sakamoto et al. 
2003; Yu et al. 2004). 
 
Functions of VAR2 
The functions of FtsH have been most extensively investigated in E. coli where both 
chaperone and protease activities have been identified (Suzuki et al. 1997).  In higher plants 
it has been established that FtsH is involved in a variety of activities: it degrades 
unassembled cytochrome b6f Rieske FeS proteins in thylakoid membranes (Ostersetzer & 
Adam 1997); it mediates N-gene-mediated hypersensitive reactions against Tobacco Mosaic 
Virus infection in tobacco (Seo et al. 2000); it is involved in phytochrome A-mediated 
signaling (Tepperman et al. 2001); and it might play a role in membrane fusion and/or 
translocation events, since it bears homology to the pepper Pftf (plastid fusion and/or 
translocation factor) protein (Hugueney et al. 1995).  Recently, a putative chloroplast-
localized AtFtsH6 protein was found to be responsible for degradation of the light harvesting 
complex during high light and senescence (Zelisko et al. 2005). 
Perhaps the best understood function of chloroplast FtsH is its role in the D1 turn-
over process (Lindahl et al. 2000).  The D1 reaction center protein of PSII is the target of 
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reactive oxygen species (ROS), and degradation of photodamaged D1 and its replacement by 
a new copy plays a role in protecting the plastid from photoinhibition (Nixon et al. 2005).  
Evidence that FtsH is involved in the D1 turnover process was first reported by Lindahl et al. 
(2000), who showed that degradation of the 23kD cleavage product of the photodamaged 32 
kDa D1 protein is mediated by AtFtsH1.  AtFtsH2 and AtFtsH5 might also be involved in D1 
turnover inasmuch as var2 and var1 -- an Arabidopsis variegation that is due to a mutation in 
the nuclear gene for another chloroplast FtsH homologue, AtFtsH5 or VAR1 (Sakamoto et 
al. 2002) (see below) -- are more prone to PSII photoinhibition, and the D1 degradation 
process is impaired in var2 (Bailey et al. 2002).  An involvement of FtsH in D1 turnover 
appears to be conserved in both prokaryotic and eukaryotic photosynthetic organisms (Silva 
et al. 2003).  
 
Mechanism of var2 variegation   
Functional complementation tests have revealed that AtFtsH2 and AtFtsH8 are 
functionally interchangeable in Arabidopsis chloroplasts, as are AtFtsH1 and AtFtsH5 (Yu et 
al. 2004; Yu, Park & Rodermel 2005).  However, members of the 2/8 pair are not 
interchangeable with members of the 1/5 pair.  Members of each pair also have similar 
expression patterns.  Considered together, these observations indicate that the members of 
each of the two phylogenetic pairs are functionally redundant, at least in part.  This 
conclusion has been supported by double mutant analyses of the various AtFtsH genes 
(Zaltsman, Ori & Adam 2005).  On the other hand, the two pairs might have distinct 
structural or functional roles. 
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In E. coli, FtsH holoenzymes consist of hexamers of a single type of subunit 
(Akiyama, Yoshihisa & Ito 1995).  Two independent efforts have established that FtsH 
proteases are also present as complexes in thylakoid membranes (Sakamoto et al. 2003; Yu 
et al. 2004; 2005).  These complexes are composed (at a minimum) of the two phylogenetic 
pairs -- AtFtsH2/8 and AtFtsH1/5 -- however, their stoichiometry is not known (Sakamoto et 
al. 2003; Yu et al. 2004; Zaltsman, Ori & Adam 2005).  In support of this idea, the various 
members of these pairs interact with one another immunologically, and the abundances of the 
two pairs are mutually-dependent on one another inasmuch as all four proteins are decreased 
coordinately in amount in var2 or var1, and overexpression of AtFtsH8 (in var2) or AtFtsH1 
(in var1) rescues the variegation phenotype by restoring total FtsH pool sizes to normal. 
Based on these findings, a threshold model has been proposed to explain the 
mechanism of var2 variegation (Yu et al. 2004; Figure 3).  In this model, two pairs of FtsH 
proteins -- AtFtsH1 & 5 and AtFtsH2 & 8-- form oligomeric complexes in the thylakoid 
membrane and a threshold level of complexes is required for normal chloroplast function and 
green sector formation.  When complex levels fall below the threshold, chloroplast function 
is impaired and white sectors form, probably as a consequence of photooxidation due to lack 
of repair of photodamaged D1 proteins.  It was further proposed that proteins within each 
pair are interchangeable, and that the abundance of proteins in each pair is matched with that 
of the other pair, with excess subunits being turned over posttranslationally.  Thus, 
overexpression of AtFtsH8 in var2 serves to stabilize AtFtsH1 & 5.    
The idea that variegations arise from the activities of redundant genes plays a 
dominant them in the variegations discussed below.  It also appears to be a viable explanation 
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for variegations in other species, e.g., vdl (variegated and distorted leaf) in tobacco (Wang et 
al. 2000).  VDL codes for a putative DEAD box RNA helicase that is targeted to chloroplasts.  
 
var2 suppressor screening 
To gain a better understanding of FtsH function and the mechanism of var2 
variegation, second-site suppressor screens have been carried out to isolate mutants that 
modify the var2 variegation phenotype. One suppressor gene was cloned by map-based 
methods and found to encode ClpC2, an Hsp100 chaperone that is targeted to the chloroplast 
stroma (Park & Rodermel 2004).  clpC2 single mutant plants do not have a readily visible 
phenotype, but they have vastly reduced levels of ClpC2 due to a splice site mutation in 
ClpC2.  clpC2 and var2 act antagonistically, and thus it was suggested that VAR2 promotes 
thylakoid membrane biogenesis while ClpC2 normally serves to inhibit this process, perhaps 
by enhancing photooxidative stress (directly or indirectly) while the photosynthetic apparatus 
is being assembled.  Further characterization of this mutant and other suppressor lines will 
lead to a better understanding of the mechanism of variegation and the regulation of 
chloroplast development. 
 
var1 
The variegated1 (var1) mutant was isolated as a tissue culture regenerate (Martínez-
Zapater 1993).  It has normal-appearing cotyledons and green- and white-sectored rosette 
leaves.  The variegation phenotype is expressed in homozygous recessive individuals and the 
plastid defect is not maternally-inherited (the plastids are not permanently-defective).  The 
variegation phenotype can be suppressed at growth temperatures lower than ca. 20°C.   
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The VAR1 locus has been cloned and encodes a member of the plastid FtsH 
metalloprotease gene family (designated VAR1/AtFtsH5) (Sakamoto et al. 2002).  var1 
mutants are sensitive to photoinhibitory light (Sakamoto et al. 2002), and it has been 
proposed that VAR1 plays an important role in the photosystem II repair cycle, perhaps as a 
component of a multimeric FtsH complex (Zaltsman, Ori & Adam 2005).  This is consistent 
with the observation that var1/var2 double mutants have an enhanced variegation phenotype, 
suggesting that VAR1 and VAR2 act synergistically (Sakamoto et al. 2002).  
As described earlier, VAR1/AtFtsH5 & VAR5/AtFtsH1 form a “phylogenetic pair” 
of FtsH homologs in Arabidopsis, as do VAR2/AtFtsH2 & AtFtsH8 (Yu et al. 2005).  
Overexpression of VAR5/AtFtsH1, but not VAR2/AtFtsH2, rescues the var1 phenotype (Yu 
et al. 2005), indicating that VAR1 and VAR5 are functionally redundant, but that VAR2 
cannot compensate for VAR1; this could be due to structural and/or functional constraints.  
The redundancy of VAR1 and VAR5 suggests that the mechanism of var1 variegation might 
be similar to that of var2 (Figure 3).   
 
var3   
The variegated 3 (var3) mutant was recovered in a stable Ds transposon gene 
trapping experiment (Næsted et al. 2004).  Homozygous recessive plants have green 
cotyledons and yellow-variegated rosette leaves.  Confocal microscopy showed that the var3 
variegation is first visible during early chloroplast biogenesis, shortly before leaf emergence.  
Palisade cells fail to expand in the yellow sectors, and the plastids in these sectors have only 
rudimentary lamellae.  This supports the idea that the plastid defect in var3 interrupts the 
transmission of retrograde signals that specify leaf development.  
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VAR3 was cloned by taking advantage of the Ds tag (Næsted et al. 2004).  It encodes 
an 89.5 kD protein that contains an N-terminal chloroplast targeting sequence and two zinc-
fingers (potential protein-protein interaction domains).  VAR3 interacts in yeast and in vitro 
with the NCED4 carotenoid dioxygenase, suggesting that the protein might be involved in 
regulating carotenoid biosynthesis.  The Arabidopsis genome contains three VAR3 
homologs, two of which are predicted to be chloroplast-localized.  It is therefore possible that 
the mechanism of var3 variegation is similar to that of var2 (Figure 3).   
 
chloroplast mutator (chm)  
The Arabidopsis chloroplast mutator (chm) mutant was first isolated by Rédei (1973) 
following EMS mutagenesis of Arabidopsis seeds.  Homozygous recessive individuals have 
white and yellow sectors in normally green organs of the plant; the variegation trait is 
inherited in a non-Mendelian fashion.  Mesophyll cell differentiation and leaf morphology 
are also affected in chm, leading to a “rough-leaf” phenotype.  Rédei (1973) isolated two chm 
alleles (chm-1 and chm-2) and Martínez-Zapater et al. (1992) isolated a third (chm-3).   
Molecular studies have revealed that the mitochondrial genomes of chm plants are 
rearranged at specific sites, and that these rearrangements co-segregate with the variegation 
trait (Martínez-Zapater et al. 1992).  Chloroplast genomes, by contrast, do not appear to be 
altered in the mutant.  Martínez-Zapater et al. (1992) suggested that CHM normally prevents 
the amplification of mutant, subgenomic mitochondrial DNA molecules that are normally 
present at a low frequency.  In the chm mutant these molecules are differentially amplified 
and cause mitochondrial defects that secondarily result in defective plastids and a variegated 
phenotype.  This suggestion was confirmed by Sakamoto et al. (1996) in their studies of the 
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maternal distorted leaf (MDL) mutant, which was derived from a cross between chm and 
wild type plants.  They demonstrated that MDL had a rearranged mitochondrial genome that 
had been preferentially amplified at the expense of non-rearranged “master” (wild type) 
genomes.  The re-arrangements were likely caused by intragenic ectopic recombination 
events.  
The CHM gene has been cloned by map-based methods and found to encode a 
mitochondrial-targeted protein, designated AtMSH1 (Abdelnoor et al. 2003).  AtMSH1 
shows homology to MutS of E. coli and MSH1 of yeast, both of which are involved in DNA 
mismatch repair and recombination.  Although the mechanism is not clear, it is proposed that 
AtMSH1 controls mitochondrial genome “substoichiometric shifting” (differential copy 
number control) either by inhibiting abnormal recombination events or by suppressing the 
replication of aberrant genomes (Abdelnoor et al. 2003).  It is assumed that the mechanism of 
variegation in chm is similar to that of the NCS mutants of maize, i.e., the permanently-
defective mitochondria affect chloroplast function secondarily (discussed above).   
 
cla1 
The Arabidopsis cla1-1 mutant (cloroplastos alterados, or altered chloroplasts) is an 
albino that was isolated by T-DNA tagging (Mandel et al. 1996).  CLA1 codes for 1-deoxy-
D-xylulose 5-phosphate synthase (DXP synthase), the rate-limiting step of the non-
mevalonate, 2-C-methyl-D-erythritol-4-P (MEP) pathway of isoprenoid biosynthesis 
(Estevez et al. 2000, 2001).  This assignment was verified by biochemical complementation 
of the mutant with 1-deoxy-D-xyulose, the product of the DXP synthase reaction (Estevez et 
al. 2000; Araki et al. 2000).  The MEP pathway is responsible for the synthesis of plastid 
  
63
isoprenoids, including chlorophylls, carotenoids and quinones.  The MEP pathway shares 
intermediates with the mevalonate (MVA) pathway of isoprenoid biosynthesis in the cytosol.   
cla1-1 plastids resemble proplastids, having rudimentary thylakoids and an 
accumulation of vesicles.  CLA1 is expressed throughout the plant, but primarily in young, 
developing tissues.  Given its ubiquity, it is curious that the mutation affects the 
differentiation of etioplasts and chloroplasts, but not amyloplasts.  Nuclear mRNAs for 
photosynthetic proteins are down-regulated in cla1-1 tissues, consistent with the notion that 
nuclear gene transcription is affected by the developmental state of the plastid (retrograde, 
plastid-to-nucleus signaling).  A disruption in retrograde signaling might also be responsible 
for the observation that cla1-1 tissues lack palisade cells (Estevez et al. 2000).  
cla1-1 appears to approximate the null phenotype since CLA1 mRNAs cannot be 
detected in the mutant.  Two other alleles of CLA1 have been isolated.  The lvr111 
(lovastatin-resistant) mutant was isolated in a screen for lovastatin-resistant root growth 
(Crowell et al. 2003).  Lovastatin inhibits 3-hydroxy-3-methylglutaryl CoA (HMGCoA) 
reductase, which catalyzes the conversion of HMGCoA to MVA in the cytosolic MVA 
pathway.  lvr11 mutants are pale green/yellow at the seedling stage and have a variegated 
dwarf phenotype at the adult stage; the degree of variegation is influenced by light intensity.  
The lvr111 gene contains a missense mutation in a non-conserved amino acid of CLA1 and 
behaves in a weakly semi-dominant manner (Crowell et al. 2003).  The third allele of CLA1, 
chs5 (chilling sensitive), contains a missense mutation in a conserved amino acid that results 
in a temperature-sensitive phenotype (Araki et al. 2000).  The mutants appear normal at 22°C 
but at 15°C they develop chlorotic leaves.  Temperature shift experiments using chs5 
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revealed that DXP synthase activity is developmentally-controlled and required early in 
chloroplast biogenesis. 
 The three CLA1 alleles differ in their severity, with cla1-1 (putative null, albino) 
being the most severe and lvr111 (missense mutation, variegated) the least severe.  Although 
DXP activities have not been measured, phenotypic severity in these mutants correlates with 
total isoprenoid levels, ranging from 10% of normal for cla1-1 to 40% of normal for lvr111 
(Crowell et al. 2003).  Because the white tissues of the various cla1 mutants lack 
photoprotective carotenoids, it has been suggested that variegation in lvr111 is due to 
photoinhibition: tissues that receive high amounts of light become photobleached while those 
that receive low light are green (Crowell et al. 2003).  This would be similar to the 
mechanism of variegation in immutans (Figure 2).  However, it is possible that redundant 
genes also play a role in the mechanism of variegation inasmuch as Araki et al. (2000) 
reported that Arabidopsis contains a gene that bears high homology to CLA1.    
 
pac  
The Arabidopsis pac (pale cress) locus is represented by two T-DNA tagged alleles, 
designated pac-1 and pac-2 (Reiter et al. 1994; Grevelding et al. 1996).  The two alleles 
differ in their phenotypes: pac-1 is pale-green, contains plastids with rudimentary lamellae, 
and has an altered leaf anatomy with poorly-differentiated palisade cells and enlarged 
epidermal cells (Reiter et al. 1994); pac-2 contains white sectors with abnormal plastids and 
an altered leaf anatomy, and green leaf sectors with morphologically normal chloroplasts and 
a normal architecture (Grevelding et al. 1996).  The PAC gene product is a light-regulated 
chloroplast protein (Reiter et al. 1994; Tirlapur et al. 1999) that might play a role in plastid 
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mRNA processing (Meurer et al. 1998).  Lhcb expression is not down-regulated in the pale 
green or white pac leaf sectors, suggesting that loss of PAC does not trigger the retrograde 
signaling pathway that normally down regulates the expression of nuclear genes for 
chloroplast proteins (Reiter et al. 1994).  On the other hand, plastid-to-nucleus 
developmental signaling appears to be interrupted in the mutant inasmuch as leaf architecture 
is perturbed (Rodermel 2001).   
The reason for the differences in phenotype between pac-1 and pac-2 are unclear 
(both are T-DNA-tagged, putative nulls), but might be related to leaky expression or to the 
different ecotypes in which the mutants were isolated.  There appears to be one PAC gene in 
the Arabidopsis genome (F. Yu and S. Rodermel, unpublished data), suggesting that 
redundant gene expression cannot account for the differences between pac-1 and pac-2, nor 
for the mechanism of variegation in pac-2.  However, it is interesting that pac can be rescued 
by feeding with cytokinin (Grevelding et al. 1996).  This suggests that the mechanism of 
variegation might involve compensation by redundant pathways or processes in a plastid 
autonomous manner, similar to the general mechanism proposed for im (Figure 2).  
 
wco 
The nuclear recessive wco (white cotyledons) mutant was isolated from a T-DNA 
insertion population, but the gene is not linked to the insert and WCO has not been cloned 
(Yamamoto, Puente & Deng 2000).  Cotyledons of wco are albino, whereas the true leaves 
are green.  The green tissues have normal-appearing chloroplasts, but plastids in the white 
tissues contain plastoglobuli and have rudimentary thylakoids; they do not resemble white, 
photobleached plastids.  Transcripts from nuclear genes for photosynthetic components are 
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present at wild type levels in the white wco cotyledons, but they are decreased in these 
tissues following treatment with norflurazon.  This suggests that the retrograde signaling 
pathway that controls the expression of nuclear genes for photosynthetic proteins is able 
function in the white cells, but only after photooxidation by norflurazon (i.e., the pathway 
fails to be initiated in the mutant).  In contrast to nuclear mRNAs, most plastid mRNAs are 
reduced in abundance in wco cotyledons.  An exception is 16S pre-rRNAs, which 
accumulate.  This accumulation has led to the proposal that the primary defect in wco resides 
in cotyledon-specific 16S rRNA maturation (Yamamoto et al. 2000).  
 
thf1 
 Korth and colleagues identified an Arabidopsis ortholog of a potato, nuclear light- 
regulated gene they called THF1 (THYLAKOID FORMATION1) (Wang et al. 2004).  They 
found that THF1 is targeted to plastids; that it is light-regulated; and that its sequence is 
conserved among oxygenic photoautotrophs.  Knockout (T-DNA insertion) thf1 mutants are 
severely stunted and variegated, while antisense lines have varying degrees of growth 
inhibition and variegation, depending on the line and illumination conditions.  Some of the 
antisense lines grow slowly under short day conditions, but resemble wild type in size and 
coloration at bolting.  This is consistent with the idea that growth factors are able to 
compensate for a lack of THF1. 
The name, THF1, comes from the observation that plastids in the white/yellow 
sectors of thf1 mutants accumulate vesicles and lack organized lamellar structures, 
suggesting that they are defective in thylakoid membrane biogenesis (Wang et al. 2004); 
thylakoid development is thought to occur by transport and fusion of vesicles from the inner 
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envelope membrane early in the chloroplast biogenesis process (Westphal, Soll & 
Vothknecht 2003).  However, Pakrasi and colleagues found that THF1 is orthologous to 
Psb29 in Synechocystis sp PCC6803; that THF1 cofractionates with PSII preparations in 
Arabidopsis; and that the thf1 mutant is impaired in PSII function (Keren et al. 2005).  They 
suggested that THF1 regulates PSII biogenesis.  A third group (Huang et al. 2006) reported 
that THF1 is ubiquitously expressed in Arabidopsis tissues and organs, and that it is localized 
in the stroma, the outer plastid membrane, and in stromules, which are tube-like extensions 
of the plastid that have been implicated in mediating intracellular signaling (Kwok & Hanson 
2004).  Huang et al. (2006) also found that THF1 interacts with GPA1 (the G α subunit of the 
plasma membrane G-protein heterotrimer) at sites of stromule/plasma membrane interaction.  
They proposed that THF1 might play a role in G-protein linked D-glucose sugar signaling.  
Clearly, the primary lesion in thf1 needs to be clarified before the mechanism of variegation 
can be addressed.  
 
atd2 
The atd2 (atase2 deficient) mutant was isolated in a T-DNA insertion population, and 
the tag was used to clone ATD2 (van der Graaff 1997; Leon et al. 1998).  ATD2 codes for 
glutamine 5-phosphoribosylpyrophosphate amidotransferase (also called 
amidophosphoribosyl transferase, or ATase), which is the first committed step of  “de novo” 
purine synthesis.  The identity of ATD2 was verified by functional complementation of atd2 
with a wild type ATase gene, as well as by chemical complementation with inosine.   
atd2 has green cotyledons, albino true leaves, and a reduced stature that is due (in 
part) to the absence of palisade cells and an underdeveloped vasculature.  Mutants of the 
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same gene in tobacco are similarly stunted with chlorotic leaves (van der Graaff et al. 2004).  
Chloroplasts in the cotyledons of atd2 appear normal, while plastids in cells of the white 
leaves are vesiculated.  This suggests that atd2 is disrupted in the transmission of a plastid 
signal that regulates palisade cell differentiation.   
There are two ATase isozymes in Arabidopsis, ATase1 and ATase2; atd2 codes for 
ATase2.  The two genes are differentially expressed, with ATase1 being expressed primarily 
in flowers and roots and ATase2 in true leaves.  Differential expression of these genes might 
explain the pattern of variegation in atd2, similar to the mechanism proposed for var2 
(Figure 3)  
 
albomaculans (am) 
The albomaculans (am) mutant is one of the oldest Arabidopsis variegations, and was 
generated by X-ray treatment of pollen (Röbbelen 1966; Hagemann 1986).  Variegation is 
induced in homozygous recessive plants.  Whereas am is inherited in a Mendelian fashion, 
the variegation trait is inherited maternally, suggesting that am generates permanently-
defective plastids (and/or mitochondria).  “Mixed (heteroplastidic) cells” are present in the 
white sectors; these cells have morphologically normal chloroplasts, as well as abnormal, 
non-pigmented plastids that are vesiculated and contain plastoglobules.  The AM gene has not 
been cloned. 
 
Reticulate mutants: dov1, re (lcd1-1), sca3, cue1 
 A large number of reticulate (“net-like”) mutants are available at the Nottingham and 
Ohio State Stock Centers or in other mutant collections (reviewed in González-Bayón et al. 
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2006).  Few of these have been characterized at the molecular level.  Reticulate mutants 
typically have a green (or dark green) vasculature on a pale green/yellow lamina, or 
alternatively, a pale vasculature on a green lamina.  This patterning presumably reflects 
differences in mesophyll (M) versus bundle sheath (BS) cells that surround the vasculature.  
In all reported cases, the reticulate pattern is inherited in a nuclear recessive manner, and the 
cells of the plant have a uniform genetic constitution.  Four of the best-characterized 
reticulate mutants will be discussed here: dov1 (differential development of vascular-
associated cells) (Kinsman & Pyke 1998); re (reticulata) (Rédei & Hirono 1964, Barth & 
Conklin 2003; González-Bayón et al. 2006); sca3 (scabra) (Hricová, Quesada & Micol 
2006); and cue1 (chlorophyll a/b-binding protein underexpressed) (Li et al. 1995; López-
Juez et al. 1998; Streatfield et al. 1999; Knappe et al. 2003; Voll et al. 2003). 
 dov1 leaves have a green vasculature and pale green/yellow interveinal regions 
(Kinsman & Pyke 1998).  BS cells have normal-appearing chloroplasts, whereas plastids in 
the M cells are reduced in size and number, lack grana and are vacuolated; some M cells are 
heteroplastidic and contain rare, normal-appearing chloroplasts.  Mature dov1 plants are 
small but flower normally.  The fact that leaf anatomy and plastid morphology are disrupted 
in the interveinal regions of dov1 indicates that the mutant is perturbed in the transmission of 
plastid-to-nucleus developmental signals.  DOV1 has not been cloned, but it has been 
suggested that the gene product functions to control events during early chloroplast 
biogenesis in M cells. 
 The cotyledons, vegetative leaves and cauline leaves of re mutants have dark green 
paraveinal regions and pale green interveinal regions (Rédei & Hirono 1964).  RE is 
ubiquitously expressed, but organs other than leaves are not affected by the mutation.  
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González-Bayón and co-workers have recently isolated 7 re alleles, four of which are 
putative nulls (González-Bayón et al. 2006).  Chloroplast number and function are not 
impaired in the M cells, but the interveinal regions are pale because of decreased M cell 
densities (Barth & Conklin 2003; González-Bayón et al. 2006).  Leaf size and shape are not 
perturbed in the various re alleles, and the lack of M cells is compensated for by an increase 
in air space volume.   
RE has been positionally-cloned (González-Bayón et al. 2006) and is allelic to LCD1, 
a gene that encodes a chloroplast-targeted, 47 kDa transmembrane protein of unknown 
function (Barth & Conklin 2003).  LCD1-1 was initially of interest because a mutant allele, 
lcd1-1 (lower cell density), has an ozone- and Pseudomonas-sensitive phenotype; it is also 
susceptible to oxidative stress generated in the apoplast (Barth & Conklin 2003).  Despite the 
diversity of phenotypes associated with re (lcd1-1), it has been concluded that the primary 
defect in the mutant involves the decrease in M cell density, and was proposed that RE might 
function in early leaf primordia development to control M cell division.  Interestingly, double 
mutant analyses revealed that RE and CUE1 (discussed below) act in a leaf developmental 
pathway separate from one that involves DOV1.  The mechanism of variegation in re (and 
lcd1-1) is unclear, but there are several genes in the Arabidopsis genome with high similarity 
to RE (Barth & Conklin 2003).  An operating hypothesis is that redundant RE activities 
compensate for a lack of RE in the normal-appearing tissues of the mutant.  
 The SCABROUS3 gene codes for RpoTp, a nuclear-encoded, plastid-targeted RNA 
polymerase (Hricová et al. 2006).  There are three sca3 alleles, the most severe of which is 
reticulated with a pale green/yellow lamina and green vasculature.  Cells in the vasculature 
appear normal but the interveinal regions have an impaired anatomy and a decreased M cell 
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density.  Plastid size, number and morphology are abnormal in the M cells.  These 
observations are consistent with the idea that M cell proliferation and differentiation are 
controlled, in part, by plastid–to-nucleus developmental signals (Rodermel 2001).  Hricová et 
al. (2006) suggested that the primary lesion in sca3 is a defect in RpoTp-mediated 
transcription of plastid genes required for the conversion of proplastids to chloroplasts.  They 
also proposed that the pattern of variegation in sca3 is due to the action of a redundant 
activity, RpoTmp, in the green and non-green tissues of the mutant.  RpoTmp is a nuclear 
encoded RNA polymerase that is dually-targeted to mitochondria and plastids. 
The cue mutants were identified in a genetic screen for positively-acting components 
of light signaling pathways in Arabidopsis (Li et al. 1995; López-Juez et al. 1998).  cue1 is 
the most extensively studied of these, and it exhibits a reticulate phenotype (pale green 
interveinal regions and dark green paraveinal regions).  The vasculature has normal-
appearing BS cells, but the M cells are reduced in number and have an altered morphology.  
Chloroplast size, but not number is reduced in the M cells.  Several other cue mutants appear 
to have a similar phenotype, at least superficially (López-Juez et al. 1998).  
CUE1 encodes a plastid inner envelope phosphoenolpyruvate/phosphate translocator 
(PPT) that imports phosphoenolpyruvate (PEP) into the stroma (Streatfield et al. 1999).  PEP 
is involved in the biosynthesis of fatty acids, amino acids and isoprenoids, and is the first 
substrate of the shikimate pathway, which produces aromatic amino acids and a variety of 
secondary metabolites (Knappe et al. 2003).  Consistent with the idea that flux into the 
shikimate pathway is impaired in cue1, the pale-green sectors of the mutant have lower than 
normal concentrations of metabolites derived from this pathway, and the mutant phenotype 
can be rescued by feeding aromatic amino acids (Streatfield et al. 1999).  cue1 can also be 
  
72
rescued by overexpresssion of either a heterologous PPT or a C4-type pyruvate, 
orthophosphate dikinase (PPDK) (Voll et al. 2003).   
There are two PPT genes in the Arabidopsis genome (CUE1/AtPPT1 and AtPPT2) 
and both are targeted to the plastid (Knappe et al. 2003).  The two genes are redundant (at 
least in part) since overexpression of AtPPT2 can partially complement cue1 (Knappe et al. 
2003).  AtPPT1 is expressed primarily in the vasculature whereas AtPPT2 expression 
predominates in interveinal regions; however, there is overlap in expression of the two genes, 
providing an explanation for the reticulate phenotype of cue1 (Knappe et al. 2003).   
The fact that both leaf and plastid anatomy are altered in cue1 suggests that the 
mutant is defective in plastid-to-nucleus developmental signals that specify mesophyll 
development (Rodermel 2001; Knappe et al. 2003).  Consistent with this notion, Knappe et 
al. (2003) proposed that AtPPI1 is involved in the generation of phenylpropanoid 
metabolism-derived signal molecules that trigger development in the interveinal regions.  By 
contrast, other retrograde signaling pathways might be operational in cue1 inasmuch as 
transcripts from nuclear genes encoding chloroplast proteins are underexpressed in the 
mutant.   
 In summary, the interveinal regions of reticulate mutants have impaired leaf 
anatomies with fewer than normal mesophyll cells; in some mutants, M cell morphology is 
also perturbed.  Alterations in leaf anatomy are frequently, but not always, accompanied by a 
defect in plastid number, size and/or state of differentiation, indicating that the mutant is 
impaired in the transmission of retrograde signals that affect leaf developmental 
programming.  In nearly all cases of reticulate mutants, it can be hypothesized that the 
mechanism of variegation involves the operation of redundant genes.   
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CONCLUSIONS 
One advantage of variegations is that they provide a means of studying genes for 
proteins that are important for chloroplast development, but for which mutant analysis is 
difficult, either because mutations in a gene-of-interest are lethal (e.g., albinos) or because 
they do not show a readily distinguishable phenotype, perhaps because the defect is buffered 
by a compensating activity or a redundant gene product.  Variegations arise at a low, but 
variable, frequency in mutagenesis experiments, and in cases where the green and white 
sectors have the same (mutant) genotype, much can be learned about the function of the gene 
product by studying its mode of action in both tissue types, and by deciphering the 
mechanism of variegation in the mutant plant.  With the current interest in understanding the 
functions of all the genes in the Arabidopsis genome, ca. 3500 of which are believed to be 
nuclear genes for chloroplast proteins (Peltier et al. 2002), the isolation of more variegations 
(and suppressors of variegation) will be an important tool for understanding the functions of 
these genes, especially “unknowns”.  For instance, suppressors of var2 variegation, such as 
ClpC2, can be viewed as “reporters” for gene products that play a role in the processes of 
photoinhibition and/or chloroplast biogenesis.  This provides a point of entry for 
understanding the function of the gene-of-interest in a focused, detailed fashion. 
This review has considered a number of nuclear gene-induced variegations, primarily 
in Arabidopsis, and it has focused on immutans and var2 as representing two variegation 
mechanism paradigms.  However, both of these mechanisms place emphasis on the notion of  
“plastid autonomy” and the hypothesis that plastids have intrinsic differences in substrate 
amounts and in rates of reactions involved in fundamental plastid processes.  Both 
mechanisms also suggest that these inequalities play a role in determining whether a given 
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plastid is able to attain a threshold level of an activity that is essential for normal chloroplast 
development.  It is proposed that these inequalities are important especially early in 
chloroplast biogenesis, when the components of the photosynthetic apparatus are synthesized 
and assembled, and that these inequalities are manifested as sectors in the mature leaf.  In the 
case of var2, it was hypothesized that redundant gene products are a way to influence the 
amount of substrate needed to attain threshold levels of D1 repair activity, and thus to form a 
normal chloroplast.  This type of mechanism appears to be applicable to many of the 
variegations discussed above, although hard evidence is lacking.  Yet, redundant gene 
activities cannot be invoked for immutans or for some of the other variegations for which 
redundant genes have not been identified.    
The notion of plastid autonomy has been emphasized as playing a crucial role in the 
genesis of “chaotic variegations”, in which sectoring in the mature leaf follows no discernible 
pattern.  However, superimposed on plastid autonomy is a “cell autonomous” mechanism of 
variegation, readily apparent in the reticulate mutants.  These mutants have a defined pattern 
of variegation that corresponds to cell and/or tissue type --e.g., paraveinal regions (BS cells) 
are green and interveinal regions (M cells) are yellow.  These sorts of variegation are likely 
due to cell-specific expression of gene family members that masks underlying differences 
among plastids.  
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FIGURE LEGENDS  
 
Figure 1. Representative Arabidopsis variegation mutants: immutans (A); var2 (B) and a 
reticulate mutant deposited at the Arabidopsis Biological Resource Center (stock number 
CS3168) that resembles cue1 (C). 
 
Figure 2. Model of immutans variegation (adapted from Wu et al. 1999). IMMUTANS and 
other activities facilitate the phytoene desaturation reaction and these activities may explain 
the mechanism of im variegation (see text for details). The concept of compensating activities 
can also be applied to several other variegation mutants such as pac. 
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Figure 3. Model for var2 variegation (adapted from Yu et al. 2004). See text for details. This 
model can be expanded to include var1 and several other variegation mutants discussed in 
the text. 
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CHAPTER 3. THE STUDY OF LESS VARIEGATED immutans ALLELE cs3630 
 
INTRODUCTION 
 
 To study different alleles of im, our lab ordered green-white mutant seeds from the 
Arabidopsis seed stock center. Among the variegated plants, cs3630 is greener than others, 
including spotty (one commonly used immutans allele in our lab, and I call it immutans here 
to avoid misunderstanding). In addition, different from normal brown seeds, cs3630 has 
yellow seeds.    
 
Flavonoid biosynthesis 
The yellow seed phenotype is similar to the phenotype of flavonoid biosynthesis 
mutants. Composed of a diverse family of aromatic molecules, flavonoids are one of the 
secondary metabolites in plants. The major forms of flavonoids are anthocyanins (red to 
purple), flavonols (colorless to pale yellow), and proanthocyanidins (PAs or condensed 
tannins, which turn brown with oxidation). The proportion and concentration of these forms 
vary according to plant species, organ, environmental growth conditions, and developmental 
stages. In Arabidopsis, two major flavonoid biosynthesis pathways (reviewed in Debeaujon 
et al., 2001) are found in seeds and vegetative parts. In Figure 5, the boldface arrows show 
the steps of flavonoid biosynthesis in seeds, and the thin arrows depict the alternative 
subpathway leading to flavonoid formation in vegetative organs. The biosynthesis of 
flavonoids begins with phenylalanine, which is converted to 4-coumaroyl-CoA by Phe 
ammonia-lyase (PAL), then to cinnamate-4-hydroxylase (C4H) and 4-coumaroyl:CoA-ligase 
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(4CL). 4-coumaroyl-CoA, together with three malonyl-CoA, is converted to the colorless 
naringenin via the yellow naringenin chalcone by chalcone synthase (CHS) and chalcone 
isomerase (CHI), respectively. Naringenin is catalyzed by flavonol 3-hydroxylase (F3H) to 
form dihydrokaempferol, which is the branch point of seed and vegetative flavonoid 
biosynthesis. In vegetative parts, dihydrokaempferol is converted to kaempferol by flavonol 
synthase (FLS), or to leucopelargonidin by dihydroflavonol 4-reductase (DFR). Kaempferol 
leads to the synthesis of flavonol derivatives, which are transferred into the vacuole; 
leucopelargonidin is finally converted to anthocyanins, which are also sequestered in the 
vacuole. In seeds, dihydrokaempferol is converted to quercetin, via dihydroquercetin, by 
flavonol 3’-hydroxylase (F3’H) and FLS. Dihydroquercetin is a procurer of proanthocyanidin 
derivates (brown), which together with quercetin derivatives are the main flavonoids found in 
the vacuole of Arabidopsis seeds (Chapple et al., 1994).  
Flavonoids are members of the plant defense network. They protect plants against UV 
damage, oxidative stress, and pathogen attack (Li et al., 1993; Shirley, 1996; Grotewold et al., 
1998). In addition, flavonoids function as antioxidants, reducing free radical formation and 
scavenging free radicals (Pietta, 2000). 
 
RESULTS 
 
Characterization of cs3630 
Compared to im, cs3630 has less variegated leaves (Figure 1), as well as yellow seeds. 
To confirm that  cs3630 is an allele of immutans, cs3630 was backcrossed with wild type and 
im (spotty). Examination of the F1 and F2 progeny showed that  cs3630 is an allele of 
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immutans and that the yellow seed phenotype is recessive and caused by a gene located far 
from IM.. Sequencing of the im locus in cs3630 showed that is has a G to A point mutation 
in intron 6 (Figure 2A). Sequencing of RT-PCR products from cs3630 showed that this 
transition causes a splicing mistake and 14 nucleotides in intron 6 are included in the cDNA 
(Figure 2B). This would be predicted to generate a premature stop codon and a truncated 
(non-functional) protein. The total chlorophyll concentration of cs3630 is higher than that of 
spotty (Figure 3A). Transcripts of IM in cs3630 are much less than that of wild type (Figure 
3B), and IM protein in cs3630 is undetectable by western blot (Figure 3C) (Barr, unpublished 
data). These data suggest that cs3630 is a molecular null.  
   
Isolate the yellow seed allele 
  cs3630 was of interest because it appeared to partially suppress the im variegation 
phenotype. A prominent feature of this line is yellow seeds. A previous student studied the 
inheritance of this trait, and found that it co-segregated with the less variegated phenotype in 
F2 progenies of cs3630 and wild type (Barr, unpublished data). Single mutant with the yellow 
seed phenotype was isolated from F2 progeny plants and named yellow (yl). 
 
 
Identify the yellow seed allele  
The yellow seed phenotype of yl mutant is similar to the phenotype of transparent 
testa (tt) mutants, which are impaired in the biosynthesis of flavonoids. tt1, tt2, tt3, tt4, tt5, 
tt8, and ttg1 are yellow seed alleles available in the Arabidopsis seed stock center. The TT1 
gene regulates endothelium differentiation (Sagasser et al., 2002), and the  genes with lesions 
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in tt3, tt4, and tt5 encode enzymes DFR, CHS, and CHI, respectively (Figure 4) (reviewed in 
Debeaujon et al., 2001). The TT8 gene encodes a basic helix-loop-helix domain protein, 
whereas TTG1 encodes a WD40-repeat protein, and TT2 encodes an R2R3MYB domain 
protein. All three genes regulate the expression of DFR and the Leucoanthocyanidin 
reductase (LAR) genes (Walker et al., 1999; Nesi et al., 2000; Nesi et al., 2001).  
Thin layer chromatography was performed to examine the flavonoid content of seeds 
of the yl mutant and other available yellow seed mutants to determine if yl is blocked in 
flavonoids biosynthesis. Quercetin and kaempferol, two flavonoids biosynthesis 
intermediates found in seed coats (quercetin) or vegetative parts (kaempferol) of Arabidopsis, 
were served as controls. The results show that yl has no quercetin or kaempferol 
accumulation, which is similar to tt4(85) and tt5 (Figure 5). tt4(85) and tt5 are mutants with 
lesions in the genes for chalcone synthase (CHS) and chalcone isomerase (CHI), respectively. 
These are the first two enzymes in the flavonoids biosynthesis pathway. Figure 5 thus shows 
that yl has a defect in the first steps of flavonoids biosynthesis. To test this hypothesis, yl was 
crossed to tt4(85) and tt5 yellow seed mutants to discover the genetic characteristic. If yl 
could complement the other yellow seed mutant, the offsprings of the cross would have 
brown seeds (wild type). If not, yl and the yellow mutant are allelic. The results showed that 
seeds from the progeny of the cross between yl and tt4(85) have a yellow color, which 
indicates that yl is a chalcone synthase mutant. Consistent with this idea, seeds from the other 
cross were brown. Chalcone synthase catalyzes the first step of flavonoid biosynthesis, 
converting 4-courmaroyl-CoA and three malonyl-CoA to naringenin chalcone.  
 
Test if chalcone synthase is the suppressor gene 
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CHS gene is a single copy gene in Arabidopsis with only two exons and one intron. 
The CHS gene in the yl mutant was sequenced, and a point mutation at the end of exon 2 was 
detected, which causes one amino acid change (Figure 6). A complementation experiment 
was performed to show that yl is the suppressor gene in cs3630. In these experiments, a 35S-
CHS construct was transferred to the cs3630 double mutant (chschs imim) to complement the 
chalcone synthase lesion. If CHS is the suppressor gene, the introduced CHS could change 
the “less variegated” phenotype of cs3630 to the more variegated phenotype of im. 
Surprisingly, the transgenic cs3630 (cs3630 P35S::CHS) had the same phenotype as cs3630. 
This suggests that chs is not an im suppressor.  
These results were unexpected, and further test was conducted by crossing tt4 
(chschsIMIM) with spotty (CHSCHSimim). In F2 generation, plants with both genotype 
CHS__imim and chschsimim showed similar phenotype (“im like”), which verified chs does 
not suppress im, and positional cloning should be carried out to map the right suppressor 
gene.   
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FIGURE LEGENDS 
 
Figure 1. Phenotype of wild type, immutans (spotty), and cs3630. 
Figure 2. The position of the point mutation in cs3630. (A). cs3630 has a G to A point 
mutation in intron 6. (B). The black line indicates the correct splicing of the mRNA and 
the red line indicates the splicing in cs3630. 14 nucleotides are included in the cs3630 
cDNA.   
Figure 3. Characterization of cs3630 (used the same method described in Chapter 5). (A). 
Total chlorophyll concentration. (B). Northern blot analysis. (C). Western blot analysis. 
   
Figure 4. Pathway of flavonoid biosynthesis in Arabidopsis. Boldface arrows show the steps 
of flavonoids biosynthesis in seeds, and thin arrows depict the alternative subpathway 
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leading to the flavonoids formation in vegetative parts (Taken from Debeaujon et al., 
2001). Enzymes are shown in boldface letters. CE, condensing enzyme; CHI, chalcone 
isomerase; CHS, chalcone synthase; DFR, dihydroflavonol-4-reductase; F3H, flavonol 
3-hydroxylase; F3'H, flavonol 3'-hydroxylase; FLS, flavonol synthase; GST, 
glutathione S-transferase; GS-X, glutathione conjugate; GT, glycosyltransferase; LAR, 
leucoanthocyanidin reductase; LDOX, leucoanthocyanidin dioxygenase; MT, 
methyltransferase. 
Figure 5. Thin layer chromatography of different yellow seeds. Flavonoids were extracted 
from seeds in 2M HCl, then loaded on TLC plate. Acetic acid:hydrochloric acid:water 
solution was used as chromatography solvent. Ka and Qu served as standards. Ka is 
kaempferol, one flavonoids biosynthesis intermediate found in vegetative parts. Qu is 
quercetin, one flavonoids biosynthesis intermediate found in seed coats. 
Figure 6. The position of the point mutation in the CHS genes of yl.  One G to A point 
mutation was detected near the end of exon 2. Another allele tt4(2YY6) has a point mutation 
in the 3’ splice site of intron 1.   
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CHAPTER 4. POSITIONAL CLONING OF THE SUPPRESSOR GENE IN ems41  
 
INTRODUCTION 
 
 With the goal of isolating im suppressors, I have conducted screens using both T-
DNA tagging (Chapter 5) and EMS mutagenesis. The EMS mutagenesis results will be 
discussed in this chapter. 
 EMS is the acronym for ethyl methane sulfonate. It tends to attack electron-rich 
centers in DNA, such as the O6 position of guanine, and adds an ethyl group to create O6-
ethylguanine, which base-pairs with thymine instead of cytosine. After one round of 
replication, an A-T base pair will have replaced a G-C pair. If this mistake is not detected and 
repaired, a point mutation will be generated in the DNA (Sega, 1984). In mutant screens, 
point mutations can be less severe than knock-out mutations (due, for example, to T-DNA 
insertion), and this can facilitate the recovery of mutants of interest. Most of the time, 
suppressors with point mutations are viable, which makes further study of the characteristic 
possible. One drawback to the use of EMS as a mutagen is that map based methods must be 
used to clone a gene known only by its mutant phenotype. However, given the accessibility 
of the annotated sequence of the Arabidopsis genome and the availability of many 
Arabidopsis molecular markers, positional cloning is not as time consuming as in the past 
(Lukowitz et al., 2000).    
The mapped-based cloning method involves cloning a gene by “narrowing down the 
genetic interval containing a mutation” (Lukowitz et al., 2000). First, an F2 mapping 
population is generated, then bulked segregant analysis is used to demonstrate linkage. Once 
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the linkage is established, fine-mapping with flanking makers is performed to delimit the 
chromosomal region which contains the mutation. In the fine-mapping step, many 
polymorphisms are exploited, such as simple sequence length polymorphisms (SSLPs), 
cleaved amplified polymorphic sequences (CAPS), derived CAPS (dCAPS), single 
nucleotide polymorphisms (SNPs), and insertion-deletions (InDels). This chapter reports the 
results of EMS mutagenesis to identify im suppressors. A single line (ems41) was identified 
out of 300,000 plants screened that displayed a phenotype different from im.   
 
RESULTS 
 
Isolation of ems41 suppressor by EMS mutagenesis  
To identify im suppressors, im seeds were mutagenized with EMS, and M2 progeny 
were screened for plants that did not resemble im. A single suppressor was identified 
(designated ems41). ems41 is much less variegated than im, but similar to im, ems41 is light 
sensitive in that high light promotes white sector formation in both plants (Figure 1). This is 
demonstrated by growth of plants at 40 µmol·m-2·s-1 vs. 80 µmol·m-2·s-1.    
 
Positional cloning of the suppressor gene in ems41 
Map-based methods were used to clone the suppressor gene in ems41 (Lukowitz et al., 
2000). The first step was to determine the mode of transmission of the suppressor gene by 
backcrossing ems41 with im and with Columbia wild type plants. In the first cross, all F1 
plants had an “im variegation” phenotype, however, two phenotypes were observed in the F2 
progeny: “im-like” and “less-variegated” in a roughly 3-to-1 ratio (Figure 2). This suggests 
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that the suppressor gene is recessive (designated “a” in Figure 2). All F1 offspring of the 
cross between ems41 and Columbia wild type were green and resembled wild type plants 
(Figure 3). In the F2 generation, these would be expected to assort in a 9:3:3:1 ratio if the 
suppressor gene were recessive and on a chromosome different from im, and if the 
suppressor had a distinct phenotype. However, only three phenotypes were detected in the F2: 
all-green, “im-like”, and “less-variegated”. The ratio of all-green plants to variegated was 
nearly 3 to 1 (371 plants versus 117 plants), and the ratio of “im-like” variegated plants to 
“less-variegated” plants was almost 3 to 1. Hence, the data suggest that the suppressor mutant 
(IM aa) doesn’t have an obvious phenotype, and is consistent with the idea that the 
suppressor is recessive and not linked to im.  
The positional cloning procedure is shown in Figure 4. The first step, of 
characterizing the genetic background, was discussed above. The next step involved 
generating a mapping population. This was done by crossing ems41 with Landsberg erecta. 
Usually in positional cloning, F2 plants that are homozygous recessive for the suppressor 
gene are selected for the mapping population. However, the suppressor mutation in ems41 
had no distinct phenotype (above, Figure 3). Because F2 plants with a “less-variegated 
phenotype” (imim aa) have a distinguishable phenotype, they were selected to form the 
mapping population.  
In the next step of positional cloning, bulk segregant analysis (BSA) (Michelmore et 
al., 1991) was used to map the suppressor gene in ems41. The basic idea of BSA is using 
PCR-based methods to identify markers that are genetically linked to the suppressor gene. 
A schematic of the BSA procedure is shown in Figure 5. According to backcross data 
(Figure 3), the suppressor gene and IMMUTANS are on different chromosomes. To explain 
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the rationale of BSA easily, only two chromosomes are shown in Figure 5, one contains the 
suppressor gene (A or a), the other contains IM (IM or im). Assume that a marker defined by 
the red arrow is close to the “A” locus and that one defined by the black arrow is far from “A”. 
The first step of the BSA procedure (as described above) involves generating an F2 mapping 
population by crossing an ems41 plant (in the Columbia (Col) background) with Landsberg 
erecta (Ler). The F1 plants are predicted to be heterozygous at all genetic loci. As mentioned 
above, F2 plants with a “less-variegated” (LV) phenotype formed the mapping population 
(imim aa, in the inset). The genomic DNAs (gDNAs) of one hundred LV F2 plants were 
mixed together as a “bulk” for the bulk segregant analysis. Chromosomes in three plants are 
given as examples. Since both the suppressor a gene and the immutans gene are in a 
Columbia background, the immediate vicinity of these two genes is Columbia. In the 
example shown, when the codominant marker located in the red arrow position of the 
chromosome (very near a) is used for PCR, with 100 plants gDNA bulk as a template, only 
Columbia bands would be observed following PCR and agarose gel electrophoresis. 
However, when the codominant marker in the black arrow position (far from a, and thus 
more likely to undergo recombination) is used for PCR, if plant 3 gDNA only is used as a 
template, only Columbia bands would be observed in the gel. But if a genomic DNA mix of 
Plants 1, 2, 3 is used as a template, both Columbia and Landsberg bands would be detected in 
gel electrophoresis using the marker defined by the black arrow. The same thing would 
happen to other markers close and far from im. In sum, if markers of different loci covering 
the whole genome are used for PCR, with 100 plants genomic DNA bulk as template, if only 
the Columbia band is detected by electrophoresis for a given marker, then the suppressor 
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gene is likely located near the position of that marker, i.e., there is linkage between that 
marker and the suppressor gene. 
For my BSA experiments, 22 markers evenly covering all five chromosomes of 
Arabidopsis were utilized to survey the genomic DNA pool for polymorphisms from 100 F2 
plants (“less-variegated”) of the mapping population, with F1 plants heterozygous for all 
genetic loci as a control. All markers except four showed both Col and Ler bands following 
PCR and gel electrophoresis, while 4 had a bias toward the Columbia-specific band (Figure 
6). Two of these markers are nga63 and ciw12, which are located on the upper arm of 
chromosome 1, while the other two markers are SNP205 AluI and ciw7, which reside on the 
lower arm of chromosome 4. Because im is located on the lower arm of chromosome 4, 
SNP205 AluI and ciw7 markers should be linked to it. Thus, the other two markers, nga63 
and ciw12 should cosegregate with the suppressor gene a. The BSA analyses thus indicate 
that the suppressor gene in ems41 is located on the upper arm of chromosome 1.   
The next step of positional cloning is fine-mapping (Figure 4). The purpose of the 
fine-mapping step is to search for chromosomes with a recombination break point in the 
vicinity of the mutation. A much larger mapping population than bulk segregant analysis is 
needed because the closer to the point mutation, the fewer the number of recombinants. In 
this step, more molecular markers, such as SSLP, CAPS, and dCAPS were designed based on 
information from the Monsanto Arabidopsis polymorphism and Ler sequence collection 
(http://www.arabidopsis.org/browse/Cereon/). First, the 100 plants that formed the “bulk” in 
BSA were screened individually, and the suppressor gene was localized between markers 
MASC07400XbaI and G2395XbaI (~1.4Mbp apart). Next, about 2000 individual plants (4000 
chromosomes) were screened using different markers. The suppressor gene was found to 
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reside within an ~130 kbp region of the upper arm of chromosome 1 between two dCAPS 
markers 475150XhoI and 474916KpnI. All the markers used and the number of recombinant 
plants are shown in Figure 7.  
The 130kbp interval contains 36 annotated ORFs. To identify the suppressor gene 
among these 36 ORFs, candidate genes were sequenced. Since the IM protein is localized in 
the thylakoid membrane of chloroplasts, genes encoding plastid proteins were first sequenced 
using ems41 genomic DNA as the template (Table 1). Among the 36 ORFs, only 5 had a 
putative chloroplast targeting sequences, and only one of these genes had a mutation. In 
particular, a G to A conversion was found in intron 3 of At1g17850. However, both cDNA 
sequencing and RNA gel blot data showed that the mutant has normal-sized and normal 
levels of transcripts from At1g17850, Also, At1g17850 genomic DNA failed to complement 
ems41(data not shown). This suggests that the mutation in the intron of this gene does not 
affect At1g17850 expression, and hence that this is probably not the suppressor gene.   
As a second priority, genes whose products might indirectly affect chloroplast 
function were sequenced (Table 2). The candidates included genes that could influence 
chloroplast protein expression, ones that could be involved in electron transfer, and ones that 
could affect mitochondrion-chloroplast communication. Among these genes, one G to A 
point mutation was found in exon 18 of At1g18070. This change would cause an amino acid 
change from arginine to lysine at position 507 (R507K) (Figure 8). This is a conservative 
substitution, and therefore whether this would impact the activity of the At1g18070 gene 
product is uncertain. In addition, RNA gel blot analysis showed that this point mutation 
doesn’t change the transcript level of At1g18070 (data not shown). At1g18070 is a putative 
EF-1-alpha-related GTP-binding protein and is involved in translation elongation. 
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Complementation of ems 41 
To verify that the point mutation in At1g18070 is responsible for the suppression 
phenotype of ems41, full length At1g18070 cDNA was isolated by RT-PCR and integrated 
into the ems41 genome, driven either by the CaMV 35S promoter or by its own promoter (1 
kbp upstream of ATG), respectively. These two constructs were expected to complement the 
lesion of At1g18070 in ems41 and to change the phenotype of ems41 from “less-variegated” 
to “im-like”. Unfortunately, none of them did. Since RNA gel blot data revealed that ems41 
has a normal level of transcripts of At1g18070 gene, the suppressor gene might not be 
At1g18070, but some other gene in the 130kbp interval.  
To discover the suppressor gene, another strategy was applied: molecular 
complementation by integrating fragments of wild type genomic DNAs from the 130kbp 
region into the genome of ems41. If the transgenic plant could restore the “less-variegated” 
phenotype of ems41 to an “im-like” phenotype, then it would contain the suppressor gene. 
Two BAC clones, F2H15 and T10F20, which cover the 130kbp interval, were digested by 
different restriction enzymes, then the fragments were separated by electrophoresis. 
According to the restriction map of these enzymes, fragments around 10kbp in size were 
purified from the gel. Each fragment was cloned into a binary vector and integrated into the 
genome of ems41. Details of the complementation method are discussed in Material and 
Methods. Compared to the above complementation method, an advantage of the “shotgun” 
complementation approach is that it should be able to detect the suppressing function of point 
mutations in noncoding regions, such as enhancers, promoters, or microRNAs. Seventeen 
plasmids were constructed to insert wild type genomic DNA fragments into the ems41 
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genome (Table 3); their physical locations are shown in Figure 9. Construct “J”, containing 
half of At1g18040, a complete At1g18050, a complete At1g18060, and At1g18070 with part 
of its 5’UTR missing (Figure 9) changed ems41 phenotype to immutans. Further 
complementation using At1g18070 genomic DNA with part of its 5’ UTR missing 
(18070BAC) (Figure 9) also restored the immutans phenotype (Figure 10).  
These results verify that the point mutation in At1g18070 is responsible for the ems41 
“less variegated” phenotype. The failure of complementation with At1g18070 cDNA is 
unexpected, but not surprising since this type of complementation doesn’t always work 
(Whitham et al., 1994; Gu et al., 2005).         
 
DISSCUSSION AND FUTURE WORK 
 
eEF1A family 
 In this study, one im suppressor, ems41, was generated through EMS treatment of im 
seeds. Positional cloning and complementation revealed that a mutation in  At1g18070 causes 
the ems41 suppression phenotype. At1g18070 encodes an EF-1-alpha-related GTP-binding 
protein (eEF1A), which catalyzes the binding of aminoacyl-tRNA to the A-site of the 
ribosome in protein synthesis (Noller, 1991). Eukaryotes contain two major elongation 
factors: EF1 and EF2. EF1 consists of two subunits: eEF1A and eEF1B. eEF1A is a G 
protein that binds aninoacyl-tRNA to the A-site of the ribosome; eEF1B is guanine-
nucleotide exchange protein. EF2 catalyzes the translocation of peptidyl-tRNA from the A-
site to P-site of the ribosome (Ejiri, 2002; Le Sourd et al., 2006).  
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     In addition to protein translation, eEF1A has other functions and interacts with over 
twenty proteins (Andersen et al., 2003). These functions and interactions include: association 
with the cytoskeleton by binding actin (Demma et al., 1990) and microtubules (Ohta et al., 
1990); interaction with the Rho1p-Bni1p system to regulate re-organization of the actin 
cytoskeleton (Umikawa et al., 1998); association with multipotential S6 kinase (Chang and 
Traugh, 1998); an involvement in tRNA channeling (Negrutskii and Deutscher, 1991); 
interaction with ubiquitin and an involvement in protein degradation (Gonen et al., 1994); 
chaperon-like activity  (Negrutskii and El'skaya, 1998; Rao et al., 2004); participation in 
DNA replication and repair (Toueille et al., 2007); a function in normal cellular proliferation 
by interacting with the zinc finger protein ZPR1 (Gangwani et al., 1998); binding calmodulin 
(Kaur and Ruben, 1994); association with phosphatidylinositol 4-kinase (Yang et al., 1993); 
and interaction with Rho associated protein kinase (Izawa et al., 2000) and calcium 
dependent protein kinase (Yang and Boss, 1994). 
Arabidopsis has six eEF1A genes, At1g07920, At1g07930, At1g07940, At1g18070, 
At5g10630, and At5g60390. The amino acid sequences of these genes are very similar, and 
the first three genes, At1g07920, At1g07930, At1g07940, encode identical proteins. 
According to the DNA sequences, none of these six genes is predicted to be localized in 
mitochondria or chloroplasts. The expression of four Arabidopsis eEF1A proteins 
(At1g07920, At1g07930, At1g07940, and At5g60390) was reported by Ransom-Hodgkins 
(2009). These four genes are expressed in all tissues. However, the highest expression levels 
of all four genes are in germinating seedlings, which suggests these proteins play a role in 
early development. Knocking out one of these genes, At1g07930, gave rise to a mutant 
(SALK_067772) without obvious phenotype compared with wild type. This is perhaps 
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anticipated since the amino acid sequence of this gene is identical to At1g07920 and 
At1g07940. However, when the mutant seedling was closely observed, root growth was 
hindered in early development (Ransom-Hodgkins, 2009). This indicates that the six 
members of eEF1A gene family likely have diverse functions, but few studies have been 
done to test this hypothesis 
Similar to other eEF1A genes in Arabidopsis, At1g18070 is expressed in all tissues, 
and the highest expression is in germinating seedlings (Winter et al., 2007). Interestingly, 
mass spectrometry data shows that At1g18070 is localized in the vacuole (Carter et al., 2004).  
 
Future work 
 Results to date suggest that three things need to be done as a first step to characterize 
the At1g18070 gene product. 
 
I. Isolation of the At1g18070 single mutant (“IMIM aa”) 
To facilitate further research of At1g18070, the single mutant of At1g18070 needs to 
be isolated. For these experiments, green F2 plants from a cross between ems41 and wild 
type will be isolated. Since the position of the point mutation in At1g18070 is known, the 
dCAPS method will be used to isolate At1g18070 homozygous recessive mutants from the 
F2 green plants; these plants will be wild type for the IM locus. 
 
II. Confirm complementation 
Since complementation of ems41 was not found with all constructs, more experiments 
will be done to confirm that At1g18070 is the suppressor gene. A T-DNA insertion line of 
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At1g18070 will be ordered from the seed stock center. The single T-DNA insertion line and 
the At1g18070 single recessive allele isolated in step I will be crossed with im to recapitulate 
the ems41 “less variegated” phenotype. 
 
III. Localization of the At1g18070 gene product 
Despite the vacuolar localization of the At1g18070 gene product, it is possible that it 
resides in other compartments of the cell. The localization of this protein is based on mass 
spectrometry data (Carter et al., 2004). Since mass spectrometry is sensitive enough to detect 
minute contamination from other organelles or from the cytosol, the result needs to be 
verified. For example, from proteomics data, one eEF1A protein, At1g07920, was suggested 
to reside in mitochondria (Heazlewood et al., 2004), in nuclei (Calikowski et al., 2003; 
Pendle et al., 2005), in the plasma membrane (Benschop et al., 2007; Marmagne et al., 2007), 
in plastids (Kleffmann et al., 2004), and in the vacuole (Jaquinod et al., 2007). However, 
GFP fusion protein data show that At1g07920 is localized in the cytosol (Carrie et al., 2009). 
Therefore, as a first approach to understand the function of the At1g18070 gene product and 
its role in the suppression of im variegation, experiments will be done to verify the 
localization of At1g18070. Its N terminal sequence will be cloned into a GFP vector, and the 
fusion gene will be transiently expressed in Arabidopsis protoplasts. The green fluorescence 
of GFP will reveal the localization of the At1g18070 protein.  
Even if the protein is found in chloroplasts, it unlikely interacts with IM directly, because the 
suppressor line ems41 is a null allele of immutans. According to our results, the At1g18070 
recessive gene is epistatic to im.  
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These three steps will set the stage for the design of future experiments to examine 
the molecular function of the At1g18070 gene product and answer how a point mutation in a 
translation elongation factor can suppress immutans variegated phenotype.  
        
MATERIALS AND METHODS 
 
EMS mutagenesis  
Procedures for EMS mutagenesis of Arabidopsis seeds have been described (Park and 
Rodermel, 2004). For the present experiments, around 300,000 im seeds were mutagenized 
with ethyl methane sulfonate and M1 plants were planted for screening. If a suppressor gene 
is dominant, a “less variegated” phenotype will be observed in the M1 plants. No such plants 
were observed. The M1 plants were thus selfed and the M2 seedlings were screened for 
plants with a non-parental phenotype. Only one line (ems41) was found and selected for this 
study.   
 
Map-based cloning 
 The map-based cloning procedure is described in the text and uses reported methods 
(Lukowitz et al., 2000). In brief, a mapping population was created and linkage was 
established. Genomic DNAs of 100 F2 plants from a cross of ems41 with Landsberg erecta 
were used for bulked segregant analysis to demonstrate the linkage between the point 
mutation and molecular markers. Next, fine mapping was performed to narrow down the 
genetic interval containing the point mutation. During this process, several kinds of co-
dominant and PCR-based molecular markers were used, such as SSLPs, CAPS, dCAPS. Two 
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major types of differences between Columbia and Landsberg ecotypes, single nucleotide 
alterations (also known as single nucleotide polymorphisms SNPs) and insertion-deletions 
(InDels), were exploited in fine mapping. These markers are available on TAIR website for 
public access (http://www.arabidopsis.org/browse/Cereon/). 
 
Complementation  
 Two BAC clones, F2H15 and T10F20 that encompass the suppressor gene in ems41, 
were digested by different restriction enzymes to around 10kb fragments. The subsequent 
fragments were cloned into several binary vectors and transferred to ems41 to complement 
the defect of the point mutation and recover the im variegated phenotype. Seventeen plasmids 
were constructed to insert wild type genomic DNA fragments into the ems41 genome. Details 
of the plasmid name, insert size and ORFs contained in the insertion are shown in Table 3. 
Four binary vectors were used for cloning: PBI111L, PZY101.1, PCB302, and pPZP212. 
Plasmids PZY101.1 and PCB302 are generous gifts from Dr. David Oliver, and plasmid 
pPZP212 was kindly provided by Dr. Yanhai Yin.      
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FIGURE LEGENDS 
 
Figure 1. Both ems41 and immutans are light sensitive. A. ems41 and immutans plants 
growing at 22ºC under continuous illumination of 40 µmol·m-2·s-1. B. ems41 and immutans 
plants growing at 22ºC under continuous illumination of 80 µmol·m-2·s-1.  
(Bar = 1cm)   
Figure 2. Phenotype and ratio of the F1 and F2 generations from  a cross between ems41 and 
immutans. All F1 plants had an im phenotype. The F2 plants had two phenotypes: 213 plants 
had an “im-like” phenotype, and 74 plants had a “less-variegated” phenotype. “A” represents 
the wild type suppressor gene and “a” represents the recessive allele.  
Figure 3. Phenotype and ratio of the progeny from ems41 and Columbia wild type cross. All 
F1 plants were totally green. Three phenotypes were observed in the F2 generation: totally 
green (371 plants), “im-like” (87 plants), and “less-variegated” (30 plants). 
Figure 4. Flowchart of positional cloning of immutans suppressor genes. 
Figure 5. Schematic of bulk segregant analysis. ems41 (inset) was crossed with Ler. The 
solid lines in Figure 5 stand for Columbia chromosomes, and the broken lines stand for 
Landsberg chromosomes. a, suppressor gene. im, immutans. The F1 plants are heterozygous. 
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The chromosomes of three “less-variegated” (LV) F2 plants are shown, and arrows indicate 
positions of different molecular markers.  
Figure 6. Detecting linkage by bulk segregant analysis in ems41. Left, position of molecular 
markers used in the genetic mapping. Open circles represent centromeres. Right, gel 
electrophoresis of PCR products of each molecular marker. In each panel, the left lane is the 
F1 heterozygous control, and the right lane is the pool of 100 “less-variegated” F2 plants. 
The Col specific bands are labeled with asterisks. The red squares indicate molecular markers 
biasing to Col specific bands. 
Figure 7. Fine mapping of ems41. (A) bulk segregant anslysis showed that the suppressor 
gene in ems41 resides between SSLP markers nga63 and ciw12 (6.6Mbp apart). (B) fine 
mapping of 100 plants identified flanking dCAPS markers MASC07400XbaI and G2395XbaI 
(1.4 Mbp apart). (C) Fine mapping of 2000 plants identified flanking dCAPS markers 
475150XhoI and 474916KpnI (130kbp apart). The numbers to the right of each chromosome 
indicate the number of recombinant plants identified by the corresponding markers.  
Figure 8. Positional cloning of ems41. (A) The suppressor gene in ems41 was localized to a 
130kbp interval between dCAPS markers 475150XhoI and 474916KpnI. This region is 
covered by two bacterial artificial chromosome clones: F2H15 and T10F20. (B) At1g18070 
contains 19 exons and 18 introns. (C) The point mutation in exon 18 causes one amino acid 
change.  
Figure 9.  Fragments used for complementation of ems41. 17 fragments from different 
enzyme digestions were cloned into binary vectors and integrated into the ems41 genome. 
Details of these constructs are shown in Table 3. “J” and 18070BAC complemented ems41. 
Genes contained in these two constructs are shown. In J, half of At1g18040, At1g18050, 
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At1g18060 and At1g18070 without part of its 5’UTR were cloned between the BamHI and 
PstI sites of pPZP212. In 18070BAC, At1g18070 without part of its 5’UTR was cloned 
between the BamHI and SalI sites of pPZP212.   
Figure 10. Phenotype of complemented ems41 plants. Both construct “J” and 18070 BAC 
changed ems41 to an im phenotype.  
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Cross suppressor with immutans and Columbia wild type
To check the genetic background
Cross suppressor with Landsberg erecta
For mapping
Establish linkage using Bulk Segregant Analysis
Create F2 mapping population  
Fine mapping: Collect recombinants by PCR analysis of a large 
population (1000~2000 plants) with flanking markers
Sequencing and analysis
 
Figure 4 
 124
 
 
 
Figure 5
 125
 
Left: Ler-0 X EMS41 F1                        *: Col band
Right: The bulk--100 less variegated F2 plants gDNA mix
 
 
Figure 6 
 
 126
 
 
 
Figure 7
 127
 
 
Figure 8 
 128
 
 
Figure 9
 129
 
 
Figure 10 
 130
Table 1. Genes encoding chloroplast proteins among the 36 ORFs between 475150XhoI and 
474916KpnI on chromosome 1. 
Gene Predicted 
Location 
Putative Function 
AT1G17850.1 chloroplast ? 
AT1G17870.1 chloroplast, 
membrane 
metal ion transport, proteolysis and 
peptidolysis 
AT1G18060.1 chloroplast structural molecule activity 
AT1G18150.1 chloroplast mitogen-activated protein kinase, signal 
transduction MAP kinase activity 
AT1G18170.1 chloroplast protein folding 
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Table 2. Genes affecting chloroplast protein function among the 36 ORFs between 
475150XhoI and 474916KpnI on chromosome 1. 
Gene Predicted 
Location 
Putative Function 
AT1G17970.1 
 
mitochondrion, 
ubiquitin ligase 
complex 
protein ubiquitination, regulation of 
transcription 
AT1G18000.1 
 
integral to 
membrane 
ATP synthesis coupled electron transport  
NADH dehydrogenase (ubiquinone) activity, 
transporter activity 
AT1G18030.1 ? catalytic activity 
AT1G18050.1 ? RNA processing RNA binding 
AT1G18070.1 vacuole protein biosynthesis, translational elongation  
AT1G18130.1  tRNA synthetase-related  
AT1G18180.1 integral to 
membrane, 
endomembrane 
system 
C-terminal protein amino acid methylation,  
protein-S-isoprenylcysteine O-
methyltransferase activity 
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Table 3. Constructions made from two BAC clones F2H15 and T10F20 for complementation 
of ems41. 
F2H15 Digestion 
 
 
 
T10 F20 digestion 
 
 
 
Name Plasmid Insert size ORFs contained 
C PBI111L 
 
 18,189bp 
 
Half At1g17830, At1g17840, At1g17850, At1g17860, 
At1g17870, At1g17880, and half of At1g17890 
T PZY101.1 
 
13,480bp 
 
Half At1g17880, At1g17890, At1g17900, At1g17910, 
At1g17930, but no complete 3’UTR 
D PBI111L 
 
14,592bp 
 
Half At1g17910, At1g17920, At1g17930, At1g17940 
E PBI111L 9,462bp 
 
Half At1g17950, At1g17960, At1g17970, but no complete 
3’ UTR 
3 PBI111L 
 
8071bp Half At1g17960, At1g17970, and half At1g17980 
M PCB302 
 
7,466+bp 
 
Half At1g17970, At1g17980, At1g17990 
Name Plasmid Insert size ORFs contained 
F pPZP212 
 
8,533bp 
 
At1g18000, At1g18010, and half At1g18020 
H PCB302 
 
11,931bp 
 
Half  At1g18010, At1g18020, At1g18030, At1g18040, 
At1g18050, and half At1g18060 
J pPZP212 
 
10,219bp 
 
Half At1g18040, At1g18050, At1g18060, and At1g18070 
without part of 5’UTR 
A PBI111L 
 
17,426bp 
 
Half At1g18010, At1g18020, At1g18030, At1g18040, 
At1g18050, At1g18060, and half At1g18070 
I PZY101.1 
 
19,081bp 
 
Half At1g18040, At1g18050, At1g18060, At1g18070, 
At1g18075, At1g18080, part At1g18090 
K PCB302 
 
19,081bp 
 
Half At1g18040, At1g18050, At1g18060, At1g18070, 
At1g18075, At1g18080, part At1g18090 
P pPZP212 
 
12,151bp 
 
Half At1g18075, At1g18080, At1g18090, At1g18100, 
At1g18110, and half At1g18120 
Q PZY101.1 
 
12,954bp 
 
Half At1g18090, At1g18100, At1g18110, At1g18120, 
At1g18130, and half At1g18140 
R pPZP212 
 
14,453bp 
 
Half At1g18120, At1g18130, At1g18140, and half At1g18150 
II PZY101.1 
 
10,399bp 
 
Half At1g18140, At1g18150, and half At1g18160 
2 PBI111L 
 
8,208bp 
 
At1g18160 (no 5’UTR), At1g18170, and half At1g18180 
   
133
 
CHAPTER 5. OVER-EXPRESSION OF MITOCHONDRIAL AOX2 PROTEIN 
SUPPRESSES immutans VARIEGATED PHENOTYPE 
 
ABSTRACT 
 
The immutans variegation mutant of Arabidopsis has green and white sectored leaves 
due to lack of IMMUTANS (IM), a plastid membrane terminal oxidase that transfers 
electrons from plastoquinone to molecular oxygen.  IM bears similarity to alternative oxidase 
(AOX) of mitochondrial inner membranes.  IM functions in a number of redox pathways, 
including carotenoid biosynthesis and chlororespiration, and its activity is especially 
important early in chloroplast biogenesis when the photosynthetic electron transport chain is 
not yet fully functional.  To gain insight into factors that are able to compensate for a lack of 
IM in the green sectors of immutans, we initiated a second site suppressor screen to identify 
mutants of im that have a non-variegated, all-green phenotype.  We report that suppression of 
variegation in ATG791, an activation-tagged im line, is due to over-expression of the gene for 
mitochondrial AOX2.  AOX2 is present and functional in chloroplast thylakoids of this line, 
and its presence there does not perturb steady state photosynthesis, at least under standard lab 
conditions.  The finding that AOX2 is able to substitute for IM is surprising given that the 
genes for these two proteins diverged prior to the endosymbiotic events that gave rise to the 
eukaryotic plant cell, and they have very different substrate-specificities, functional domains, 
and modes of regulation, presumably optimized for function in different membrane milieu in 
different cellular compartments.  Our results raise the intriguing possibility that AOX2 is 
normally dual–targeted to mitochondria and chloroplasts. 
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INTRODUCTION 
 
Variegation mutants are powerful model systems to gain insight into mechanisms of 
chloroplast biogenesis (Yu et al., 2007).  These mutants contain green and white sectored 
leaves due to mutations in nuclear, chloroplast or mitochondrial genes.  One of the oldest 
Arabidopsis mutants is immutans (im), first isolated by Rédei and Röbbelen in the 1960’s 
(Redei, 1963; Röbbelen, 1968).  Sectoring in im is caused by a nuclear recessive gene, and 
the green and white sectors have a uniform genotype (im/im).  Cells in the green sectors have 
morphologically normal chloroplasts, whereas cells in the white sectors contain abnormal 
plastids that lack pigments and organized lamellae (Wetzel et al., 1994).  The white plastids 
accumulate phytoene, a colorless C40 carotenoid intermediate, indicating that im is impaired 
in the activity of phytoene desaturase (PDS), the enzyme that converts phytoene to zeta-
carotene during carotenoid biosynthesis (Wetzel et al., 1994).  All the steps of 
carotenogenesis occur in plastids catalyzed by nuclear gene products that are transported into 
the organelle post-translationally, and the PDS step occurs early in this pathway (reviewed in 
Della Penna and Pogson, 2006).  The fact that this step is blocked indicates that the white 
sectors of im are incapable of producing enough downstream colored carotenoids to avoid 
photooxidation; i.e., im is a classic carotenoid mutant.  Consistent with this idea, green sector 
formation in im is enhanced by growth in low-light conditions, while high-light favors white 
sector formation.  Also in support of this idea is the recent observation of a marked similarity 
in global transcript profiles between white Arabidopsis tissues produced by im and by 
treatment with norflurazon, a potent herbicide that causes plastid photooxidation by direct 
inhibition of PDS enzyme activity (Aluru et al., 2009). 
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Cloning of IMMUTANS revealed that the gene codes for a chloroplast homolog of the 
mitochondrial inner membrane alternative oxidase (AOX) (Carol et al., 1999; Wu et al., 
1999).  AOX is a terminal oxidase in the alternative “cyanide-resistant” pathway of 
respiration where it transfers electrons from the ubiquinone pool to molecular oxygen 
(McDonald, 2008).  The similarity of IM to AOX, and the fact that im accumulates phytoene, 
led to the hypothesis that IM acts as a terminal oxidase in plastid membranes, hence, IM is 
frequently called PTOX, for plastid terminal oxidase; we will use this designation in this 
paper.  Consistent with the phenotype of im, it was posited that PTOX functions as a 
component of a redox pathway that involves the transfer of electrons from phytoene to the 
plastoquinone (PQ) pool via PDS, and from PQ to molecular oxygen via PTOX (Wu et al., 
1999; Carol et al. 1999).  In addition to carotenogenesis, PTOX is thought to function in 
other redox pathways in the plastid, such as chlororespiration (oxidation of PQ in the dark) 
(Peltier and Cournac, 2002), and to act as a “safety valve” to dissipate excess electron flow 
during photosynthetic electron transport, at least in some species and during some stress 
responses (Josse et al., 2000; Rizhsky et al., 2002; Barr et al., 2004; Streb et al., 2005; Rosso 
et al., 2006; Shahbazi et al., 2007; Stepien and Johnson, 2009).  It thus appears that PTOX 
plays a versatile role as an alternative electron sink in chloroplasts and non-green plastids.  
One of the intriguing aspects of im is the presence of morphologically-normal 
chloroplasts in leaf cells that have a mutant genotype: why aren’t all the plastids white, 
generating an albino mutant?  We have suggested this is because one or more factors are able 
to compensate for a lack of PTOX in some plastids and cells, and that this compensation is 
important early in leaf development when proplastids in the meristem differentiate into 
chloroplasts in the developing leaf primordium, i.e., during the phase of rapid plastid division 
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when the photosynthetic apparatus is synthesized and assembled (Wetzel et al., 1994; Wu et 
al., 1999)  During this time, it is likely that over-reduction of the PQ pool occurs because of 
an inability to dissipate electrons from redox processes such as carotenogenesis that can take 
place in the absence of fully-functional photosynthetic electron transport chains.  This 
hypothesis has recently been verified (Rosso et al., 2009), and our current working model of 
im variegation posits that developing plastids have unique thresholds of excitation pressure 
(EP) (“threshold hypothesis”, first articulated, though in a different form, by Wetzel et al., 
1994).  EP is a measure of the relative reduction state of QA, and is a general measure of the 
redox state of the electron transport chain (Ivanov et al., 1998).  It is proposed that 
developing im plastids with above-threshold EP values have overreduced thylakoids, and are 
thus susceptible to photooxidation, whereas im plastids with below-threshold EP values are 
able to develop into normal chloroplasts.  We further propose that leaf sectoring arises as a 
consequence of division of the green and white plastids early in leaf development to generate 
clones of white (or green) plastids and cells that become visible during leaf expansion as 
white and green sectors. 
Light is certainly one of the most important contributors to excitation pressure in the 
developing thylakoid, but EP is likely determined by a large number of other factors, each of 
which might vary in concentration or activity on a plastid-to-plastid basis.  It is not 
understood how the activities of these various factors are coordinated and regulated, but im 
provides a powerful tool for gaining entrance into this complex network.  Towards this end 
we initiated a second site suppressor screen to identify activation-tagged mutants of im with a 
non-variegated, all-green phenotype.  It was hoped that these mutants would define genes 
whose products are able to bypass a lack of PTOX activity during early chloroplast 
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biogenesis.  In this report we show that over-expression of the nuclear gene for mitochondrial 
AOX2 is responsible for variegation suppression in ATG791, an activation-tagged suppressor 
line.  AOX2 is present in chloroplast membranes of the suppressor line and its presence there 
does not affect steady state photosynthesis.  We speculate that AOX2 might be normally dual 
targeted to mitochondria and plastids.  
 
RESULTS 
 
Isolation of im second site suppressors 
T-DNA activation tagging was used as a first approach to generate second site 
suppressors of im.  In this report we focus on ATG791, a suppressor line with two T-DNA 
inserts (Supplemental Figure 1A).  The leaves of ATG791 are uniformly pale-green (~75% 
the normal amount of chlorophyll) and larger than wild type (Figures 1A and 1B).  ATG791 
develops white sectors in its first several true leaves when grown under high light conditions, 
but subsequent leaves are all-green. The light-sensitivity of ATG791 is significantly less than 
im (Figure 1A).   
 
Cloning of the suppressor gene in ATG791 
Southern blot analyses revealed that the two T-DNA inserts in ATG791 co-segregate 
with the “suppression of variegation” phenotype (data not shown).  Genomic DNAs flanking 
these inserts were isolated by plasmid rescue and sequenced.  They reside ~3.3 Mb apart 
from one other on chromosome 5, 1122 bp and 354 bp upstream from the predicted initiation 
codons of At5g55180 and At5g64210, respectively (Supplemental Figure 1A).  
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As a first approach to identify the suppressor gene in ATG791, RNA gel blot analyses 
were conducted using probes to genes flanking the two T-DNA inserts.  These genes 
included At5g55150, At5g55160, At5g55170, At5g55180 & At5g55190 (flanking insert “I”) 
and At5g64200, At5g64210 & At5g64220 (flanking insert “II”).  Our expectation was that an 
activation-tagged gene would have increased mRNA levels in the suppressor line versus im 
or wild type.  Supplemental Figure 1B shows that five of the eight genes have similar 
transcript levels in all three lines, but that mRNAs from At5g55180 and At5g64210 are 
significantly elevated in amount in ATG791.  Transcripts from At5g55150 could not be 
detected in any of the lines.  These data suggest that, at a minimum, At5g55180 and 
At5g64210 are activation-tagged and are thus prime candidates for being the suppressor gene.   
As a second approach to identify the suppressor gene, transgenic im plants were 
generated that overexpress either full-length gDNAs or cDNAs for each of the eight genes 
that flank inserts I and II.  Only overexpression of At5g64210 gave rise to plants that 
suppressed the im variegation phenotype (Figure 1A).  This was true whether gDNAs or 
cDNAs were used in the construct.  The overexpression plants (designated im P35S::AOX2) 
resemble ATG791 inasmuch as their leaves are not variegated, are larger than normal, and 
accumulate ~25% less chlorophyll than wild type seedlings (Figures 1A and 1B).   
Considering that At5g64210 is activation-tagged and that it is able to suppress im 
variegation, we conclude that At5g64210 is the suppressor gene in ATG791.  At5g64210 has 
been annotated as the nuclear gene for alternative oxidase 2 (AOX2), a mitochondrial inner 
membrane protein that acts as a terminal oxidase in the alternative “cyanide-resistant” 
pathway of respiration (Vanlerberghe and MacIntosh, 1997; Saisho et al., 2001; Clifton et al., 
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2006; McDonald, 2008).  AOX2 is one of five AOX gene family members in Arabidopsis 
(Saisho et al., 1997; Clifton et al., 2006).    
 
AOX2 is present in chloroplasts of the im suppressor lines 
The above results suggested that overexpression of AOX2 is able to suppress im 
variegation.  To test this hypothesis we measured AOX2 mRNA and protein amounts in the 
suppressor lines.  Figure 2A shows that AOX2 mRNA abundance is significantly enhanced in 
im P35S::AOX2, but much less so in ATG791.  AOX2 mRNAs cannot be detected in leaves 
of wild type or im plants, which is consistent with RNA gel blot and transcript profiling 
experiments showing that Arabidopsis AOX2 mRNAs are expressed at low levels in dry 
seeds and during early germination, but poorly expressed, if at all, in other tissues and organs 
(Saisho et al., 2001; http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi).  
AOX2, like other AOX homologs, is a low-abundance protein and has not been 
detected in proteomics surveys of plants, including ones of isolated organelles (Heazlewood 
and Millar, 2005; Kleffmann et al., 2006; Mitschke et al., 2009; Sun et al., 2009).  The 
mitochondrial localization of AOX2 is based on experiments in which the putative N-
terminal targeting sequence of Arabidopsis AOX2 was fused to GFP, and the construct was 
particle-bombarded into tobacco suspension-cultured BY-2 cells (Saisho et al., 2001).   
 To examine the subcellular location of AOX2 in ATG791 and im P35S::AOX2, 
Western immunoblot analyses were carried out using an AOA monoclonal antibody (Elthon 
et al., 1989) that recognizes all AOX isoforms in Arabidopsis (Finnegan et al., 1999).  AOX 
protein amounts are sharply elevated in the AOX2 overexpression line (Figure 2B).  They are 
also enhanced in ATG791, but to a lesser extent. Consistent with previous studies, AOX 
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proteins could not be detected in leaves from wild type (or immutans) (A. Fu, unpublished).  
To test whether the overexpressed AOX proteins are localized in chloroplasts, the Western 
blot analyses were performed using Percoll gradient-purified chloroplasts (Perry et al., 1991; 
Chen et al., 2000); an antibody to PTOX (Rizshky et al., 2002) served as a control.  Figure 
2C shows that chloroplasts from ATG791 and im P35S::AOX2 have moderate-to-high levels 
of AOX, respectively, but that AOX proteins are below the limit of detection in chloroplasts 
from im and wild type leaves. As anticipated, PTOX is present in chloroplasts from wild type 
plants, but not in chloroplasts from the other three lines, which have an im background. 
Because of the correspondence between AOX2 mRNA and AOX protein levels in the various 
lines, we conclude that the bands in Figure 2C correspond to AOX2 protein.  
 
Organization of AOX2 in the thylakoid membrane  
PTOX and AOX are distantly-related members of the non-heme diiron carboxylate 
(DOX) protein family and have been modeled as interfacial membrane proteins with an 
active site (DOX) domain exposed to the stroma (or matrix) (Andersson and Nordlund, 1999; 
Berthold et al., 2000). The DOX domain is composed of a four-helix bundle that provides six 
ligands for binding the diiron center; these ligands are perfectly conserved in sequence and 
function between PTOX and AOX (Fu et al., 2005). Because im P35S::AOX2 has high level 
expression of AOX2, this line was used to study the localization and topography AOX2 in 
thylakoids (Figure 3). Western immunoblot analyses show that AOX2 is present in intact, 
gradient-purified chloroplasts and in the pellet fraction of lysed chloroplasts (Figure 3A). 
This localization is similar to PTOX and VAR2, an integral thylakoid membrane FtsH 
metalloprotease with a large C-terminal region that extends into the stroma (Chen et al., 2000; 
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Lennon et al., 2003). This indicates that AOX2 is membrane-associated in the im 
P35S::AOX2 plants. As anticipated, the large subunit (LS) of Rubisco (a stromal protein) is 
found in the supernatant fraction. In these experiments we could not detect a larger 
(precursor) AOX2 protein in samples of “total” cell protein (Figure 2A, lane 1). This 
indicates that AOX2 is processed to a mature form in the AOX2 overexpression lines. This 
processing could occur in mitochondria and chloroplasts.  Both locations are likely since the 
amount of AOX2 protein in the total protein fraction is much higher than in the intact 
chloroplast fraction, in contrast to VAR2 and PTOX, which are enriched in intact 
chloroplasts versus the total protein fraction. This suggests that a fraction of the 
overexpressed AOX2 protein is present in mitochondria.   
To determine the topology of AOX2 in the thylakoid membrane, thylakoids were 
incubated in 100mM sodium carbonate (pH 12) or 1% IGEPAL CA-630.  The extracts were 
centrifuged and the pellets and supernatants were collected (as described in Materials and 
Methods). Western immunoblot analyses were then conducted on the fractions using 
antibodies to AOX, VAR2, and PsaD, a peripheral protein that binds to PSI (Jin et al., 1999).  
Figure 3B shows that AOX2, VAR2, and PsaD are totally extracted from the membrane by 
1% IGEPAL CA-630.  Sodium carbonate buffer didn’t extract VAR2 from the thylakoids, as 
anticipated. In contrast, both AOX2 and PsaD were partially removed from the membrane by 
sodium carbonate buffer. AOX2, like PTOX, has 5 alpha helical domains, one of which is 
thought to loop into the membrane (but not through it), thus anchoring the protein to the 
membrane, i.e., AOX and PTOX are modeled as interfacial membrane proteins (Andersson 
and Nordlund, 1999; Berthold et al., 2000). The data in Figure 3B, coupled with similar 
topological studies of PTOX (Lennon et al., 2003), are consistent with this hypothesis.   
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Blue native gel electrophoresis was performed as a first step to investigate a possible 
association between AOX2 and other thylakoid membrane proteins (Asakura et al., 2004; Fu 
et al., 2007).  In these experiments, thylakoid membranes were solubilized in 1% n-dodecyl-
β-D-maltoside, and the proteins were electrophoresed on a gradient Tris-HCl gel and 
immunoblotted with the AOA antibody.  Figure 2C shows that AOX2 migrates with bands 
that correspond to subcomplexes of PSI, PSII, CF1, Cytb6f, and LHC II.  Its presence in 
some complexes is higher than in others, suggesting that the monoclonal antibody is not 
binding non-specifcially to thylakoid proteins.  These data are consistent with the idea that 
AOX2 associates with multiple thylakoid complexes, perhaps to facilitate electron transfer.  
 
AOX2 forms monomers and dimers in chloroplasts 
The active form of AOX is a monomer, and it is converted to an inactive dimer form 
by disulfide bond formation between conserved Cys residues in an ca. 40 amino acid 
“Dimerization Domain” (D- Domain) in the N-terminal portion of the protein (Umbach and 
Siedow, 2000; Affourtit et al., 2002).  PTOX lacks a D-Domain and exists only as a 
monomer (A. Fu, unpublished data).  To investigate whether AOX2 is capable of forming 
dimers in chloroplasts , thylakoid proteins were isolated from the im P35S::AOX2 plants and 
denatured in SDS in the presence or absence of DTT.  Figure 4 shows that AOX2 migrates as 
a single high MW band in the absence of DTT, but primarily as a lower MW band in the 
presence of DTT.  The higher and lower MW bands  correspond in size to those predicted for 
an AOX2 dimer (~64 kD) and monomer (~32 kD).  These data indicate that chloroplast 
AOX2, like mitochondrial AOX, is able to form monomers and dimers.   
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Does AOX2 affect photosynthetic functioning? 
The finding that AOX2 is present in thylakoids of the suppressor lines raises the 
question whether photosynthetic capacity is perturbed in these plants.  As a first step to 
address this question, we measured several chlorophyll fluorescence parameters in leaves 
from im P35S::AOX2 and wild type seedlings.  Figure 5 shows that F’v/F’m, ΦPSII, 1-qP, and 
the electron transfer rate of photosynthesis are almost identical in the two sets of seedlings, 
whereas NPQ might be slightly elevated in the transgenic plants, indicating a somewhat more 
stressed state than wild type.  Despite the small difference in NPQ, the data overall are 
consistent with the proposal that overexpression of AOX2 in chloroplasts does not markedly 
affect photosynthetic capacity.  
 
DISCUSSION 
 
The current working hypothesis of im variegation posits that developing plastids have 
unique thresholds of excitation pressure, and that green sectors of im arise because of 
complex interactions between a variety of factors that determine the excitation pressure of 
the developing thylakoid (Rosso et al., 2009).  The purpose of the present research was to 
identify second-site suppressors of im as a tool to gain insight into the factors and regulatory 
networks that govern early chloroplast biogenesis, i.e., when pigments and other components 
of the photosynthetic apparatus are being synthesized and assembled, prior to the formation 
of fully-functional electron transport chains.  PTOX activity appears to be crucial during this 
time, inasmuch as it provides a mechanism for the removal of electrons from the PQ pool, 
e.g., during the desaturation reactions of carotenoid biosynthesis.  The ability to form 
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carotenoids might provide an important means of photoprotection against photosensitizing 
chlorophyll intermediates that produced at this time.  After electron chains are fully-
functional, steady-state photosynthesis does not appear to require PTOX, at least in 
Arabidopsis (Rosso et al., 2006).   
Our data show that over-expression of AOX2 is able to suppress the variegated 
phenotype of im, suggesting that AOX2 is one of the factors that is able to compensate for a 
lack of PTOX in the green sectors of im.  We also found that AOX2 is abundant in 
chloroplast thylakoid membranes of the overexpression lines.  The simplest interpretation of 
our data is that AOX2 is able to substitute for PTOX function in thylakoids during early 
chloroplast biogenesis.  However, we cannot rule out the possibility that suppression of im 
variegation is due to enhanced accumulation and activity of mitochondrial AOX2 (Figure 
3A).  For instance, it is well-established that AOX prevents over-reduction of the 
photosynthetic electron transport chain through the dissipation of excess reducing equivalents 
via the malate/OAA shuttle (Raghavendra and Padmasree, 2003; Scheibe, 2004; Bartoli et al., 
2005).  Against this hypothesis is the observation that overexpression of AOX1a does not 
suppress im variegation (A. Fu, unpublished data); the overexpressed protein in these and 
other Arabidopsis AOX1a overexpression plants (Umbach et al., 2005) is found exclusively 
in the mitochondrion.  In summary, we conclude that chloroplast-localized AOX2 is 
responsible for the suppression of im variegation.  
The functional substitution of PTOX by AOX2 is surprising given the evolutionary 
distance between these proteins.  AOX and PTOX have a prokaryotic origin and diverged 
prior to the endosymbiotic events that gave rise to mitochondria and chloroplasts (reviewed 
in McDonald, 2008). It has been suggested that the original oxidase was important early in 
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life on earth during the transition from an anoxic to an oxic atmosphere.  Following 
endosymbiosis, the genes for these proteins were transferred from the symbiont to the host 
genome, where they acquired N-terminal targeting signals for post-translational import back 
to the organelle.  The fact that AOX and PTOX were targeted back to mitochondria and 
chloroplasts, respectively, suggests that there was strong evolutionary pressure for the 
presence of these proteins in their originating compartments; i.e., one protein could not 
substitute for the other during the “churning” process that occurred as gene products were 
functionally tested many times in different cell compartments (Bogorad, 2008).   
According to this scenario, an AOX protein might not have taken residence in the 
evolving chloroplast for reasons of structure, activity and/or regulation.  For instance, despite 
an overall similarity in conformation and a handful of conserved active site amino acids (Fu 
et al., 2005; Fu et al., 2009), AOX and PTOX have some significant differences that might be 
anticipated to impair function in the other compartment. These include different quinol 
substrates (plastoquinol in the chloroplast versus ubiquinol in the mitochondrion) and unique 
functional domains.  For example, PTOX contains an ca. 16 amino acid Exon 8 “protein 
stability” domain that is not present in AOX (Fu et al., 2005), and AOX has an ca. 40 amino 
acid “Dimerization Domain” (D-Domain) that is necessary for enzyme activation and 
regulation is (Umbach and Siedow, 2000; Affourtit et al., 2002).  The active form of AOX is 
a monomer, and it is converted to an inactive dimer by disulfide bond formation between 
conserved Cys residues in the D-Domain (Umbach and Siedow, 2000; Millenaar et al., 2002).  
PTOX lacks a D-Domain and exists only as a monomer (A. Fu, unpublished).  Because we 
found that chloroplast AOX2 can exist as a dimer, we suggest that it might be subject to 
some of the same types of regulation as found in mitochondria.  This might be surprising 
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given the different sorts of metabolism that occur in the two organelles.  For instance, 
pyruvate and other TCA Cycle intermediates are potent activators of AOX (reviewed in 
McDonald, 2008).  In this context it is interesting that the presence of AOX2 in the thylakoid 
does not affect steady-state photosynthesis, at least under the conditions tested, and that 
AOX2 might be associated with higher molecular weight membrane complexes in thylakoids.  
The regulation and function of AOX2 in chloroplasts will be an interesting avenue of future 
research.   
Our finding that AOX2 is capable of residing in chloroplasts raises the intriguing 
possibility that AOX2 is normally a dual-targeted protein, but that it has not been identified 
as such because of its low abundance in both organelles and/or because the correct tissues 
have not been assayed.  For example, transcript profiling data suggest that AOX2 is 
expressed primarily in dry seeds, though the protein has not been localized there (Saisho et 
al., 2001; http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi).  In fact, AOX2 has not been 
detected in any of the extensive proteomics surveys in plants (e.g., Heazlewood et al., 2005; 
Kleffmann et al., 2006; Sun et al., 2008, Mitschke et al., 2009).  The localization of AOX2 as 
a mitochondrial protein is based on particle bombardment of tobacco BY-2 suspension cells 
with a construct in which the Arabidopsis AOX2 transit peptide was fused to GFP (Saisho et 
al., 2001).  The lack of plastid targeting in these experiments might have been due to several 
factors.  First, cell- and tissue-type is an important determinant in whether a protein displays 
dual-targeting (Carrie et al., 2009).  As a consequence, it is possible that AOX2 is not 
efficiently transported into the non-green, heterotrophic plastids of BY2 cells (Baginsky et al., 
2004).  Second, the position of GFP in the construct with respect to the gene-of-interest, as 
well as the presence of other sequences in the gene than the putative targeting sequence, are 
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often important for localization studies (Carrie et al., 2009).  Thus, the construct used in the 
experiments of Saisho et al. (2001) might not have contained the requisite signals for dual-
targeting.  Dual-targeting often requires sequences in addition to the transit sequence, such as 
UTRs, which have been found to contain alternate (non canonical) start sites, as well as 
binding sites for proteins that transport mRNAs to the vicinity of the organelle, as found in 
the case of mRNAs for a number of yeast mitochondrial proteins (Marc et al., 2002; Millar et 
al., 2006).  Our activation-tagged and AOX2 overexpression lines contained the complete 
AOX2 gene and the protein was clearly directed to chloroplasts in both lines.  It is worth 
noting that AOX1a appears to be targeted solely to mitochondria since it cannot be detected 
in chloroplasts of im or wild type plants that overexpress the complete AOX1a gene driven by 
the CaMV 35S promoter (Umbach et al., 2005; A. Fu, unpublished).  
It has been estimated that Arabidopsis chloroplasts and mitochondria contain ~2700 
and ~2000 unique proteins, respectively, nearly all of which (>95%) are encoded by nuclear 
genes (Millar et al., 2006).  However, these numbers vary widely depending on the targeting 
algorithm used to identify N-terminal transit sequences (e.g., Richly and Leister, 2004).  Not 
surprisingly, the number of predicted dual-targeted proteins in Arabidopsis also varies 
markedly, ranging from ~500 to over 900 (Carrie et al., 2009; Mitschke et al., 2009).  Despite 
their widespread use in determing the location of a given protein in the cell, all targeting 
algorithms are notoriously prone to error (50% or more error rates have been reported) (e.g., 
Richly et al., 2003; Richly and Leister, 2004; Millar et al., 2006), and thus predictions of 
protein location must be tested experimentally, e.g., by subcellular proteomics and/or GFP 
tagging (Carrie et al., 2009).  Using these approaches, it has been established that about 60 
proteins are bona fide proteins that are dual-targeted to both mitochondria and chloroplasts 
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(reviewed in Carrie et al., 2009; Mitschke et al., 2009).  Most of these proteins function in 
processes that are shared by the two organelles, such as DNA replication and repair, 
transcription, translation and proteolysis (Mackenzie, 2005; Millar et al., 2006).  Perhaps the 
most striking example of this is the targeting of 22 out of 24 aminoacyl-tRNA synthetases to 
both mitochondria and chloroplasts (Duchene et al., 2005).  The fact that both mitochondria 
and chloroplasts need quinol terminal oxidases, and that AOX2 can serve as a versatile 
enzyme in both organelles is consistent with this proposal.  Dual-targeting of AOX2 would 
also be in accord with the suggestion that the dual-targeting mechanism is an economical 
way to avoid gene duplication for gene products with overlapping functions in more than one 
cellular compartment (Silva-Filho, 2003). 
 
In summary, the finding that over-expression of AOX2 is able to suppress im variegation 
suggests that AOX2 might normally be capable of contributing to the attainment of 
thresholds of excitation pressure in developing chloroplasts.  This would be consistent with 
the suggestion that other terminal oxidases likely play a role in chloroplast biogenesis (Peltier 
and Cournac, 2002; Rosso et al., 2006).  We do not know whether AOX2 activity is optimal 
in chloroplasts, nor whether it is able to substitute for PTOX under all developmental and 
physiological conditions.  Nevertheless we hypothesize that AOX2 is one of the factors that 
compensate for a lack of PTOX in the green sectors of im.  For example, chloroplast AOX2 
might be present in different amounts or activities on a plastid–to-plastid basis.  Random 
fluctuations in the concentration of a low abundance protein like AOX2 might thus have a 
large effect on EP thresholds in an individual plastid.    
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MATERIALS AND METHODS 
 
Plant growth conditions and plant material  
All Arabidopsis thaliana plants used in the present study are in the Columbia ecotype.  
They included spotty, a molecular null allele of immutans (Wu et al., 1999). All plants were 
germinated and grown at 22ºC under continuous illumination of ~ 15 µmol·m-2·s-1 for 7 days, 
then transferred to ~ 100 µmol·m-2·s-1 until harvest. 
 
Activation tagging 
The floral dip method (Clough and Bent, 1998) was used to transform bolting spotty 
plants with an Agrobacterium tumefaciens strain containing the activation tagging vector 
pSKI015 (a gift from Dr. Joanne Chory at the Salk Institute).  T1 plants were germinated on 
soil and transgenic plants were selected by spraying with a 1:2,000 dilution of Finale 
(AgrEvo, Montvale, NJ, USA), which contains 5.78% (w/v) ammonium glufosinate (Basta).  
The T1 plants were self-fertilized, and analyses were carried out on T2 and subsequent 
generation plants. 
 
Nucleic acid manipulations 
Genomic DNAs were isolated and Southern blot analyses were performed as 
previously described (Wetzel et al., 1994).  Plasmid rescue was conducted using established 
methods (Weigel et al., 2000); the primers that were used are listed in Supplemental Table 1. 
At5g64210 (AOX2) gDNA and cDNA were generated by Plantium pfx polymerase 
(Invitrogen) with AOX2-specific primers: 5’-tgctctagaatgagtcaactcattacgaa-3’ and 5’- 
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cggggatccttagtgataaccaatcggag-3’.  The PCR and RT-PCR products were digested by 
restriction enzymes and cloned into the XbaI and BamHI sites of pB003, a vector that 
contains the CaMV 35S promoter (kind gift from Dr. David Oliver, Iowa State University).  
The inserted fragments were sequenced and the constructs were transformed into im using 
the floral dip method (Clough and Bent, 1998).  Similar overexpression constructs were 
generated using full-length At5g55150 gDNA, At5g55160cDNA, At5g55170 cDNA, 
At5g55180 cDNA, At5g55190 cDNA, and At5g64220 cDNA.  The primers are listed in 
Supplemental Table 1.  
Isolation of total cell RNAs from Arabidopsis leaves, and RNA gel blot analyses were 
conducted as previously described, using gene-specific probes (Wetzel et al., 1994). 
 
Protein analyses 
To isolate proteins, four-week-old Arabidopsis leaves were homogenized in sample 
buffer (Chen et al., 2000), then filtered through four layers of Miracloth (Calbiochem).  The 
filtrate served as the source of total protein.  To isolate intact chloroplasts, the filtrate was 
centrifuged at 3,000g for 5 minutes, and the pellet was resuspended in sample buffer.  The 
resuspension was then layered on a two-step Percoll-gradient (Perry et al., 1991; Chen et al., 
2000), and the gradient was centrifuged at 10,500g for 10minutes.  The lower band migrating 
at the 40% and 70% interface was removed and washed in SH buffer [0.33M sorbitol and 
50mM HEPES-KOH (pH 8.0)].  Thermolysin was added to the intact chloroplasts to digest 
any proteins attached to their outer membranes, and the chloroplasts were washed twice in 
SH buffer.  Some samples of intact chloroplasts were burst by hypotonic buffer containing 
20mM MOPS and 50mM EDTA (pH 7.0), and the pellets (thylakoids) and supernatants 
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(stroma) were collected following centrifugation at 3,000g for 5 minutes. The pellets were 
washed twice in SH buffer, and the supernatants were centrifuged at 12,000g for 20 minutes. 
The supernatants from this centrifugation were collected.  Protein concentrations in various 
samples were measured by the Bio-Rad protein assay.   
To determine the topology of AOX2 in the thylakoid membrane, thylakoids were 
isolated as described above and suspended in either 100mM sodium carbonate (pH12) or 1% 
IGEPAL CA-630.  After 70 minutes incubation on ice, the samples were centrifuged at 
10,000 g for 10 minutes. The pellets were washed in SH buffer, and the supernatants were 
precipitated by acetone.   
Blue native gel electrophoresis was performed using established methods (Asakura et 
al., 2004; Fu et al., 2007).  Briefly, protein complexes from gradient-purified chloroplasts 
were solubilized in buffer containing 1% n-dodecyl-β-D-maltoside.  After centrifugation, the 
supernatants was mixed with Coomassie Blue dye and loaded onto a 4-15% Tris-HCl 
polyacrylamide gradient gel (Bio-Rad).  Gel electrophoresis was performed at a constant 
voltage of 100 V for 6 hours at 4ºC.  The gel was washed three times in transfer buffer (Fu et 
al., 2007) with SDS before immunoblotting.      
For Western immunoblot analyses, protein samples were electrophoresed through 
12.5% SDS polyacrylamide gels, then transferred to nitrocellulose membranes. The 
membranes were blotted with AOA antibody (Elthon et al., 1989) or with chloroplast protein 
antibodies (described in the text).  The protein signals were visualized by the SuperSignal 
West Pico chemiluminescence kit (Thermo) and autoradiography X-ray films.    
 
Chlorophyll and chlorophyll fluorescence measurements 
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The first two pairs of rosette leaves from three week-old seedlings were harvested, 
weighed and ground in liquid nitrogen.  Chlorophyll was extracted by 95% ethanol in the 
dark at 4ºC, and chlorophyll concentrations were calculated as previously described 
(Lichtenthaler, 1987).  
Chlorophyll fluorescence parameters were measured with an FMS2 fluorometer 
(Hansatech, Norfolk, UK) with intact leaves of wild type and im P35S::AOX2 plants grown 
for 7 weeks in soil under low-light conditions (25–35 µmol•m−2•s−1). F’v/F’m was defined as 
(F’m − F’o)/F’m; ФPSII was defined as (F’m − Fs)/F’m; electron transfer rate is equal to ФPSII 
*0.84*0.5*PFD (photo flux density); NPQ (non photochemical quenching) was calculated as 
(Fm − F’m)/F’m; 1-qP is equal to (F’o/Fs)(F’m− Fs)/(F’m − F’o).  Fm is the maximum 
fluorescence in the dark-adapted state; F’m is the maximum fluorescence in any light-adapted 
state; F s is the steady-state fluorescence in the light; F’o is the minimal fluorescence in any 
light-adapted state; and F’v is variable fluorescence equal to (F’m – F’o). 
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FIGURE LEGENDS 
 
Figure 1. Phenotypes and gene models of im suppression lines.  
A. Representative four week-old wild type, im, ATG791 and AOX2 overexpression plants (im 
P35S::AOX2).  The plants were grown at 22ºC under continuous illumination of ~15 
µmol·m-2·s-1 for 7 days, then transferred to ~ 100 µmol·m-2·s-1 for another three weeks.  
B. Chlorophyll contents were determined on the first two pairs of rosette leaves from three 
week-old plants (on a fresh weight basis).  Each bar represents an average +/- SD of three 
different pooled leaf samples.  
C. AOX2 gene models of ATG791 and im P35S::AOX2.  In ATG791, the T-DNA insert 
containing the four copies of the CaMV 35S enhancer sequence (indicated by <) is located 
upstream of the initiating ATG.   
D. In the AOX2 overexpression construct, the CaMV 35S promoter element is fused to the 
initiating ATG of the AOX2 transit peptide (indicated in red).  Exons are filled boxes.  
 
Figure 2: RNA and protein expression  
Total cell RNAs were isolated from four week-old rosette leaves from wild type, im, the im 
suppressor (ATG791) and the AOX2 overexpression line (im P35S::AOX2).  RNA gel blots 
were conducted using an AOX2 gene-specific probe (primers listed in Supplemental Table 1).  
Total cell proteins or proteins from gradient-purified chloroplasts were isolated from four 
week-old rosette leaves and equal amounts were electrophoresed through 12.5% 
polyacrylamide gels.  Western immunoblot  analyses carried out using either an AOA 
antibody (Elthon et al., 1989) an PTOX antibody (Rizhsky et al., 2002).  
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Figure 3: Organization of AOX2 in thylakoids 
 
A. Proteins were isolated from leaves of im P35S::AOX2 and wild type plants (“total 
protein”), or alternatively, from intact, gradient-purified chloroplasts from these plants 
(“intact”).  In some samples, the organelles were lysed and separated into “supernatant” and 
“pellet” fractions.  Equal amounts of protein were electrophoresed through 12.5% SDS 
polyacrylamide gels, and Western immunoblot analyses were conducted using antibodies to 
AOX, PTOX, the large subunit of Rubisco (LS), and VAR2.   
B. Thylakoids were isolated from im P35S::AOX2 plants and incubated in 100mM sodium 
carbonate (pH 12) or 1% IGEPAL CA-630.  The extracts were centrifuged and Western 
immunoblot analyses were performed on the pellet and supernatant fractions using antibodies 
to AOX, VAR2, and PsaD.   
C. Thylakoids from im P35S::AOX2 plants were subjected to blue native gel electrophoresis.  
The gradient Tris-HCl gels were immunoblotted with the AOA antibody.  The band positions 
of thylakoid complexes are well-established in this gel system (Asakura et al., 2004).   
 
Figure 4. 
Thylakoid proteins from im P35S::AOX2 plants were denatured in SDS in the presence or 
absence of 0.1 M DTT.  Samples corresponding to 15µg chlorophyll were electrophoresed 
through SDS-PAGE gels, and Western immunoblot analyses were performed using the AOA 
antibody.  
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Figure 5: Chlorophyll a fluorescence measurements.  
Chlorophyll fluorescence parameters were measured on intact leaves of wild type and im 
P35S::AOX2 plants grown for seven weeks in soil under low-light conditions (25–35 
µmol•m−2•s−1).  The parameters include: F’v/F’m, the maximum efficiency of PSII 
photochemistry under different photon flux densities (light densities); ΦPSII, the quantum 
efficiency of PSII photochemistry at different photon flux densities; 1-qP, the redox state of 
the QA electron acceptor of PSII, and the electron transfer rate of photosynthesis (Maxwell 
and Johnson, 2000; Muller et al., 2001).  NPQ is a measure of the plant’s ability to dissipate 
excess light energy as heat (Muller et al., 2001).  The data represent average ± SE.   
 
Supplemental Figure 1.  Identification of activation-tagged genes in ATG791  
A. ATG791 contains two T-DNA inserts (designated “I” and “II”, not drawn to scale) 
separated by ~3.3 Mb.  Arrowed boxes represent genes and direction of transcription; ”>” 
indicate CaMV 35S enhancer sequences.   
B. RNA gel blot analysis of total cell RNAs isolated from four week-old rosette leaves of 
WT, im and ATG791.  Equal amounts of RNA (1 µg) were electrophoresed through 
formaldehyde gels and transferred to nylon filters; the filters were probed with 32P-labeled 
gene-specific PCR products (primers are listed in Supplemental Table 1).   
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Supplemental Table 1. Primers used in this study 
Primer Name Primer Sequences 
55150XbaIF TGCTCTAGAATGGCTCTACCTTCTTCGTC 
55150BamHIR CGCGGATCCTCACTGAGGAACGTCTGTTG 
55160XbaIF TGCTCTAGAATGTCTGCTACTCCGGAAGA 
55160F1 ATGTCTGCTACTCCGGAAGA 
55160BamHIR CGCGGATCCCTAAAAGCAGAAGAGCTTCA 
55160R1 CTAAAAGCAGAAGAGCTTCA 
55170XbaIF TGCTCTAGAATGTCTAACCCTCAAGATGA 
55170F1 ATGTCTAACCCTCAAGATGA 
55170BamHIR CGCGGATCCTTAAAGCCCATTATGATCGA 
55170R1 TTAAAGCCCATTATGATCGA 
55180XbaIF TGCTCTAGAATGGCGGTCTTCGTTTTATC 
55180F2 GAAGTGTTCGTCGATCCGA 
55180R2 TCCTGAAGCTTCTCCTTCGT 
55180BamHI CGCGGATCCTCAATGCCCTGTTGGAAACT 
55190XbaIF TGCTCTAGAATGGCTCTACCTAACCAGCA 
55190F1 ATGGCTCTACCTAACCAGCA 
55190BamHIR CGCGGATCCCTACTCGAAGGTGTCATCAT 
55190R1 CTACTCGAAGGTGTCATCAT 
64190F1 ATGTCCGAGAAGTTCCCTGA 
64190R1 ATCGATCCAATTGTCTCTAA 
64200F1 ATGTCGCACTTCGGAAGGTC 
64200R1 TCATTCCGCAGCATAAGGAG 
64210XbaIF TGCTCTAGAATGAGTCAACTCATTACGAA 
64210F2 AGACGATATGGATGCAGAGC 
64210R2 AGAAGCAAAATGGTTGACAT 
64210BamHI CGGGGATCCTTAGTGATAACCAATCGGAG 
64220XbaIF TGCTCTAGAATGGCGGATCGCGGATCTTT 
64220F2 GTAATGGTTATCGGGACATT 
64220R2 CTGCCACTGAATGCAGCCCA 
64220BamHIR CGCGGATCCTCATTCAAATGCAAGAGACA 
SKI015RI GCAAGAACGGAATGCGCG 
SKC12 TTGACAGTGACGACAAATCG 
IK054 ATGTGATATCTAGATCCGAAAC 
T7 TAATACGACTCACTATAGGG 
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CHAPTER 6. GENERAL SUMMARY 
 
Variegated plants provide beneficial tools to study communication between the 
nucleus-cytoplasm, the chloroplast, and the mitochondrion (Rodermel, 2002; Sakamoto, 
2003; Yu et al., 2007). The Arabidopsis immutans mutant has a green and white variegated 
phenotype and is generated by a nuclear recessive gene. The green sectors have 
morphologically-normal chloroplasts; and white sectors are heteroplastidic and contain 
pigment-deficient plastids, as well as a few normal-appearing chloroplasts (Wetzel et al., 
1994; Aluru et al., 2001). The variegation pattern in im is sensitive to high light and 
temperature (Wetzel et al., 1994).  
Biochemical studies have revealed that a noncolored C40 intermediate of carotenoid 
biosynthesis, phytoene, accumulates in im white sectors (Wetzel et al., 1994). This suggests 
that the synthesis of carotenoids, which protect the photosynthetic apparatus against 
photooxidation (Niyogi, 1999; Tracewell et al., 2001), is hindered in these tissues. IM has 
been cloned by a map-based approach (Wu et al., 1999) and by transposon tagging (Carol et 
al., 1999), and the gene was found to encode a plastidic homolog of alternative oxidase 
(AOX), a terminal oxidase in the mitochondrial inner membrane. Subsequent studies have 
shown that IM functions as a plastid terminal oxidase (PTOX) in an electron transfer chain 
that is coupled with carotenoid biosynthesis. Although many studies have been done to 
examine IM function at a biochemical level, the mechanism of im variegation has not been 
clarified. Suppressor analyses should supply useful clues about this mechanism. In these 
analyses, the goal is to isolate genes for proteins that, when mutated, reverse the variegation 
phenotype of immutans. In this thesis, two procedures were used to isolate second site 
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suppressors: ems mutagenesis and activation-tagging. The rationale of the latter is that 
overexpression of a gene might suppress the im variegation phenotype. Studies of three 
suppressors were reported. 
cs3630 is an immutans allele from the Arabidopsis seed stock center. It has a “less 
variegated” phenotype and yellow seeds. Because of its phenotype, it might be a good 
candidate as an im suppressor line. Studies by a former student in the lab showed that the 
“less variegated” phenotype cosegregates with the “yellow seed” phenotype, suggesting that 
the mutation causing yellow seeds is responsible for the less variegated phenotype. The 
yellow seed single mutant (yl) was isolated, and thin layer chromatography and sequencing 
revealed that the yl allele has a point mutation in the chalcone synthase (CHS) gene. 
However, complementation of cs3630 with CHS failed to recapitulate the im phenotype. The 
F2 plants of a cross between chs mutant and im were thus examined, and no suppression was 
detected. This suggests that CHS is not the suppressor gene in cs3630. Thus, further map-
based cloning procedures will be needed to isolate the suppressor gene in cs3630.  
ems41 is an ems-mutagenized “less variegated” suppressor of im. It is sensitive to 
light: similar to im, high light promotes the formation of white sectors in ems41. Map-based 
approaches were used to narrow down the region containing the suppressor gene in ems41 to 
an ~130kbp interval. Sequencing of candidate genes was carried out to locate a mutation in 
this interval, and two point mutations were detected. One was found in intron 3 of At1g17850, 
but transcript levels from this gene were not altered in the mutant, suggesting this is not the 
suppressor gene. The other mutation was found in exon 18 of At1g18070. This causes a 
missense mutation, an amino acid change or arginine to lysine (R507K). Complementation 
tests verified that the mutation in At1g8070 is responsible for the “less variegated” phenotype 
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of ems41. At1g18070 encodes an EF-1-alpha-related GTP-binding protein (eEF1A), which 
catalyzes the binding of aminoacyl-tRNA to the A-site of the ribosome in protein synthesis 
(Noller, 1991). More work will need to be done to characterize the At1g18070 gene product 
and to discover why it suppresses im variegation. 
ATG791 is an activation-tagged “less variegated” im suppressor. Plasmid rescue 
showed that two T-DNAs are inserted in the ATG791 genome, and that two genes in the 
regions flanking these inserts have elevated levels of mRNA. One of these genes is 
At5g64210. Complementation experiments showed that over-expression of At5g64210 in im 
recapitulated the “less variegated” phenotype of ATG791. This indicates that At5g64210 is 
the suppressor gene in ATG791. This gene encodes alternative oxidase 2 (AOX2), a 
mitochondrial protein and a distantly-related homolog of PTOX (IM) (Andersson and 
Nordlund, 1999; Berthold and Stenmark, 2003). AOX2 was found to be localized in 
thylakoid membranes of the chloroplast in an orientation similar to PTOX. Its presence there 
did not affect steadysate photosynthesis. It was concluded that AOX2 is capable of 
substituting for PTOX function in chloroplasts and that it might be normally dual-targeted to 
chloroplasts and mitochondria and function as a terminal oxidase in both organelles.   
In conclusion, this thesis has characterized one im suppressor and provided the 
foundation for the isolation and characterization of two more. The identification of im 
suppressors lends insight into the network that controls thylakoid redox during the process of 
chloroplast biogenesis.    
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